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Preface 
 
 
Redox-active organic polymers have been widely used as anti-oxidants and photostabilizers, for 
commodity plastics as well as oxidizing agents for organic synthesis, due to their rapid and reversible 
oxidation and reduction processes. Accompanied with the electron transfer in these redox processes, 
mass transport of ions also results in potential applications in chemical sensors, actuators, and drug 
delivery systems. Among the unique features of these polymers, charge-storage within redox-active 
organic polymers based on their reversible redox reaction is one of the most promising capabilities. 
This unique property leads to new electrode-active materials inherently possessing several advantages: 
lightweight, tunable redox property, mechanical flexibility, and processing compatibility. Since the 
discovery of doped polyacetylene, intrinsically conducting polymers (polyacetylene, polyaniline, 
polypyrrole, and polythiophene) and redox-active compounds bearing disulfide derivatives have been 
proposed and investigated as potential alternatives to inorganic-based electrode-active materials. 
However, these previously studied organic-based electrode-active materials suffer from limitations in 
terms of the low degree of doping, slow electrochemical processes, and fluctuating voltage. Thus, 
currently there are almost no reports on organic-based electrode-active materials in practical use. 
Due to the remarkable development of portable electronic devices, high energy- and 
power-densities are required for rechargeable batteries such as the lithium-ion battery. While metal- or 
metal-based materials such as LiCoO2, LiMnO2, and V2O5 are widely exploited as electrode-active 
materials, they are problematic due to the toxicity of heavy metals and the limitation of natural metal 
resources. Alternately, organic-derived electrode-active materials are environmentally benign and 
produced from readily available resources. 
In this thesis, the author focuses specifically on the use of durable and redox-active organic 
radical species, particularly, pendant radical polymers as electrode-active, charge-storage materials for 
secondary batteries. Previously reported organic radical polymers have attracted much interest in 
organic-based magnets, however, there has been no report on the use of these polymers as 
electrode-active materials. The author synthesizes a series of radical polymers with high radical 
density, and probes, for the first time, the correlation between the chemical structure (of pendant 
radical species and polymer backbone) and redox-activity. Chapter 1 describes and reviews the 
organic-based electrode-active materials and the charge transfer processes within such redox-active 
polymers. Chapters 2–6 describe the design and synthesis of radical polymers to create high charge 
capacity, processing compatibility, and n-type redox activity, for their application in a totally 
organic-based secondary battery. The last chapter concludes this thesis and proposes the future 
prospects of electrode-active materials based on organic molecules.  
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1.1 Introduction 
 
Redox-active organic polymers have been widely used as anti-oxidants and 
photostabilizers, for commodity plastics as well as oxidizing agents for organic synthesis, 
due to their rapid and reversible oxidation and reduction processes.1-5 Accompanied with 
the electron transfer in the redox processes, ionic-mass transport also results in potential 
applications in chemical sensors, actuators, and drug delivery systems.6-10 From the 
viewpoint of molecular level, such applications are tightly related to the formation, 
recombination and transport of the neutral radicals or radical ions.2 For instance, electrical 
conductivity within the polymer ascribes to the formation of radical ions (p- or n-doping of 
conducting polymer). Further oxidation/reduction reaction of radicals or radical ions by 
successive electron transfer provides the molecular basis for charge-storage in organic 
molecules. Among the unique features of redox-active organic polymers, charge storage 
within the polymers is one of the most promising capabilities, leading to new 
electrode-active materials for application in rechargeable batteries. 
When dealing with the charge storage property, two aspects are crucial: the detailed 
charging mechanism and the minimization of the coulombic repulsion in highly charged 
state. Redox-active polymers containing redox-active building blocks may be classified 
according to the way in which the subunits are linked: the coupling of the building blocks 
can create an extended π-conjugation or it can give rise to electronically independent 
moieties. This division closely corresponds to the two well-known categories of 
electroactive polymers, namely conducting polymers and redox polymers.  
The conducting polymers such as polyacetylene, polyaniline and polypyrrole create an 
extending π-conjugation by coupling of the building blocks, and exhibit the broad current 
plateau in their cyclic voltammogram originating from the oxidation potential shift. On the 
other hand, redox polymers contain electronically independent monomeric subunits, which 
are attached to a saturated backbone or incorporated into a main chain. In these polymers, 
the redox-active subunits constitute non-interacting redox centers; therefore, the electrons 
are transferred at the corresponding monomer potentials, following the simple statistic rules. 
In this chapter, the prospects of redox-active organic polymers (conducting polymers 
and redox polymers) are summarized in view of the properties required for battery 
application (Chapter 1.2–1.4). Chapter 1.5 describes the concept and performance of 
organic radical battery, in which radical polymer is designed based on aforementioned two 
crucial aspects: (1) The stable organic radical species such as nitroxide and galvinoxyl 
radical was selected as redox-active building blocks, due to the simple electron transfer 
process. (2) Redox sites are incorporated into a saturated polymer backbone to prevent the 
coulombic repulsion, leading to the quantitative electron transfer. The charge transfer 
process within the redox-active polymer is also described in Chapter 1.6. 
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Before reviewing the redox-active polymers, we need to introduce the definition of 
battery configuration. Figure 1.1 shows schematically how polymers can be used in cell 
configurations as electroactive materials.1 In this figure, M stands for a metal, M+ for 
cations (typically metal ions), A- for anions, P for a neutral polymer, P- for a polymer in its 
reduced state, and P+ for a polymer in its oxidized state. A polymer electrode can be 
combined with a metal or a metal oxide electrode. Using two polymers with different redox 
potentials, one can design three different basic cell types. 
 
 
Figure 1.1.1  Cell configurations: (a) metal/polymer (P is anion-inserting); (b) 
polymer/polymer (P1 and P2 are anion- and cation-inserting, respectively. EP1 > EP2); (c) 
polymer/polymer (both are anion-inserting); (d) polymer/polymer (both are 
cation-inserting); (e) metal/polymer (P is cation-inserting); (f) polymer/metal oxide (P is 
cation-inserting). 
 
  In cases (a) and (b), the charge-compensating ions move between the electrode and 
electrolyte, which requires the substantial electrolyte (and solvent) volume to be stored. In 
all other cases (c)-(f), ions are merely transferred from one electrode to the other during the 
charging and discharging processes, and the electrolyte volume actually required is 
negligibly small. In fact, the highest specific energy of the cell is expected when metal 
electrodes (Li, Na, Mg, Al and Zn) are combined with the appropriate cation-exchanging 
polymer (n-dopable polymer) as a cation-insertion electrode (case e). However, most 
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reports have referred to the battery configuration (a), and cation-exchanging polymers have 
not been explored extensively until now. Several attempts have also been made to use 
polymer anodes, so that an all-plastic (completely organic) battery could be designed as 
shown in (b)-(d). Two anion-inserting (p-dopable) polymers can be combined into a cell, so 
long as their relative redox potentials are sufficiently different (case c). The same holds true 
for two cation-inserting (n-dopable) polymers (case d).  
  In chapter 2 and 3, TEMPO-based nitroxide polymers serve as an anion-inserting 
(p-dopable) polymer in conjunction with metal (Li) anode as shown in configuration (a). In 
chapter 4, p- and n-type redox switching of poly(nitroxylstyrene)s is described, leading to 
the all plastic battery configuration (b). In chapter 5, poly(galvinoxylstyrene) serves as 
cation-inserting (n-dopable) polymer cathode, expecting higher specific charge, combined 
with metal (Li) anode (case e). This polymer also provides the all plastic battery combined 
with TEMPO-based polymer cathodes (case b) or with n-type nitroxide anode (case d). 
 
 
1.2 Conducting Polymers 
 
After the discovery of doping/undoping of polyacetylene, (CH)n,11 many conducting 
polymers such as polypyrrole, polythiophene and polyaniline have been investigated for 
charge storage. The electrochemical doping–undoping reaction is equivalent to the 
charging–discharging reaction, and following items are important for use as a secondary 
battery electrode: (1) High doping amount per unit weight and unit volume; (2) Good 
reversibility of doping and undoping; (3) Fast diffusion of dopant in polymer molecules; (4) 
High potential for p-type doping; low potential for n-type doping; (5) Chemical, 
electrochemical and thermal stability; ease of handling; (6) Stability with respect to 
electrolyte solution; (7) High conductivity.  
 
(Polymer)n + nx(Anion)- → [(Polymer)x+(Anion)x-]n + nx e- (p-type doping) 
(Polymer)n + nx(Cation)+ + nx e- → [(Cation)x+(Polymer)x-]n (n-type doping) 
 
Scheme 1.2.1  P- and n-type doping of the conducting polymer 
 
The synthesis of conducting polymer is divided into two categories: chemical 
polymerization and electrochemical polymerization. In chemical synthesis, monomers are 
polymerized using appropriate catalysts or reagents. The morphological, physical and 
electrochemical properties are influenced by reaction conditions such as the species and 
concentrations of catalyst, reagents and solvent, the monomer concentration, the reaction 
temperature, etc. Chemical synthesis is considered to be suitable for producing large 
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amounts of homogeneous polymer. 
Electrochemical polymerization has the advantage of requiring comparatively simple 
apparatus. Polymers are synthesized in situ on the electrode, which can then be 
electrochemically examined. Therefore, many conducting polymers have been 
electrochemically synthesized and widely studied. Product morphologies and properties are 
influenced by the current and potential conditions, the concentrations of monomers and 
supporting electrolytes, etc. 
 
 
 
 
Figure 1.2.1  A series of π-conjugated conducting polymer 
 
1.2.1  Polyacetylene (PA) 
An early study by Nigrey et al. demonstrated a Li/LiClO4 in a PC/PA cell with 6% 
doped PA film.12 The battery showed an open circuit voltage of 3.7 V, and a short circuit 
current of 25 mA. After this report, more detailed study of battery performance began. 
Nagatomo et al. fabricated a battery with large are PA electrodes, which yielded coulombic 
efficiency of 70% and more than 150 charge-discharge cycles.13,14 MacInnes et al. proposed 
the organic batteries based on p- and n-type doping of polyacetylene. This battery involves 
two (CH)n electrodes having different oxidation states, and during discharge, electrons flow 
from the less oxidized state to the more oxidized state until both electrodes have the same 
oxidation state.15  
 
 
 
 
 
 
 
 
 
Figure 1.2.2  A organic battery configuration based on p- and n-type polyacetylene 
 
The main defects of batteries with PA electrodes are low charge-discharge efficiency 
and large self-discharge rate. One reason for the large self-discharge is considered to be the 
slow diffusion of dopant to the bulk of PA fibril or to the current collector side from 
electrolyte solution. Spontaneous undoping reactions, the degradation of PA and the 
Polyacetylene
n
H
N
n
H
N
n
S
n n
PolyanilinePolypyrrole Polythiophene Poly(p-phenylene)
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reaction of dopant or PA with impurities in the electrolyte are also thought to be causes of 
self-discharge. 
 
1.2.2  Polypyrrole (PPy) 
Polypyrrole can be synthesized by the galvanostatic or potentiostatic electrolysis of 
nonaqueous or aqueous solution containing pyrrole monomer and supporting electrolyte. 
Synthesized PPy is usually doped with electrolyte anions, because electrochemical doping 
takes place simultaneously upon PPy polymerization. Panero et al. reported the 
charge–discharge characteristics of Li/LiClO4 in a PC/PPy cell. The maximum doping level 
at a constant current density (0.4 mA/cm2) was 30% per monomer unit for a 1 µm thick 
film.16 Generally, a film that is more porous exhibits larger charge–discharge coulombic 
efficiency as an electrode. Osaka et al. reported the higher porosity of PPy controlled with 
the dopants (PF6- > CF3SO3- > ClO4- > BF4-) and the electrolysis potential.17 The doping 
limit of Li/PPy batteries was investigated by many researchers and charge–discharge 
coulombic efficiency of almost 100% was obtained up to 20–30% doping. 
PPy can also be synthesized chemically using many oxidizing agents, such as K2S2O8, 
FeCl3, Fe(ClO4)3. The obtained PPy are doped during polymerization by the anions of the 
oxidizing agent. Using Cu(BF4)2–PPy, a high coulombic efficiency of 100% was obtained at 
66 Ah/kg.18 
 
1.2.3  Polythiophene (PTh) 
Polythiophene was synthesized by electrochemical and chemical polymerization 
techniques, similar to that used for polypyrrole. PTh displayed a redox wave at 0.8 V vs. 
Ag/AgCl, ascribed to p-type doping. N-type doping of PTh is also possible, but the 
maximum doping level and charge retention during storage are lower than for p-type doping. 
Kaneto et al. studied the battery composed of p- and n-type doped PTh (PTh0.24+BF40.24-/0.2 
M (C4H9)4NBF4 in CH3CN/ PTh0.24-(C4H9)4N0.24-). This battery showed an open-circuit 
voltage of about 3.0 V and an energy density of 93 Wh/kg (polymer weight basis).19 
Nagatomo et al. reported the characteristics of poly(3-methylthiophene), which 
showed a 100% coulombic efficiency at a charge capacity of 85 Ah/kg and a self-discharge 
rate of 1%/20 h.20 
 
1.2.4  Polyaniline (PAni) 
Polyaniline has a more complicated electrical structure than other conducting 
polymers mentioned above, because it can take the forms of imine, amine, and their 
protonated forms. MacDiarmid et al. classified the structure of PAni as a completely 
reduced form, ‘1’, a completely oxidized form ‘2’, imine or amine, ‘A’, and a protonated 
form, ‘S’.21 The electrochemistry of PAni is therefore more complicated than other 
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conductive polymers. PAni displayed the two reversible waves between –0.2 and +1.2 V vs. 
SCE. The difference observed with respect to other conjugated polymers such as PPy or 
PTh is mainly due to the fact that the nitrogen centers accept the greatest part of the positive 
charge and that proton transfer processes can occur during the charging process.2 It is 
therefore not surprising that the redox behavior of PAni appears to be strongly pH 
dependent. 
 
 
 
 
 
 
 
Fig. 1.2.3  Structures of polyaniline. 
 
The properties of electrochemically synthesized PAni are greatly influenced by the 
electrolysis conditions, resulting in the difference of morphologies: from fibrous in the use 
of 2.0 M HClO4 to granular in 0.5 M HClO4. Fibrous PAni exhibited the higher doping 
level and better cyclability (> 500 cycles) than other morphologies.22 Takei et al. reported 
the higher electrolysis current yielded the smaller diameter and larger surface area of the 
fibril morphology.23 In Japan, the coin-type Li-Al/LiBF4 in PC + DME/PAni secondary 
cells (4 mAh class) have been developed and tentatively commercialized by Bridgestone.24 
It was designed to sustain > 1000 shallow cycles. Its application was as a supercapacitor 
rather than a battery. 
 
Naoi et al. have reported the polyindole (PIn) as capacitor with high energy density. 
PIn displayed the reversible redox accompanied by proton transfer, and was applied as a 
cathode-active material in secondary battery with aqueous electrolyte, so-called proton 
polymer battery.25-30 The authors reported the cyclic indole trimer (CIT) with high 
cyclability, ascribed to the stable annulated ring structure.  
 
 
 
 
 
 
Figure 1.2.4  Poly(indole) and cyclic indole trimer for proton polymer battery 
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Haringer, and Haas, et al. reported poly(5-amino-1,4-naphthoquinoe) (PANQ), in 
which quinone moieties stored the charge reversibly, associated with anion-exchanging 
properties (PANQ–PANQLi2).31 Polyaniline backbone provided intrinsic overcharge 
protection, which can be oxidized and reduced at higher potentials. The redox potential was 
ca. 2.6 V vs. Li/Li+, and the capacity of the battery was 100 Wh/kg, however, the exhibited 
poor cyclability, ascribed to mechanical stress during Li insertion-deinsertion process. 
 
 
 
 
 
Figure 1.2.5  Redox reaction of poly(5-amino-1,4-naphthoquinone) (PANQ) 
 
Naoi et al. also reported π-π stacked supramolecular (1,5-diaminoanthraquinone) 
(DAAQ) oligomer as active material in supercapacitor.32,33 The combination of polyaniline 
and benzoquinone leaded to the following advantages: (1) high charge capacity 
(1,4-benzoquinone: 204 Ah/kg, polyaniline: 94 Ah/kg), (2) enhancement of the cross 
reaction rate between the aniline/anilinium and hydroquinone/quinone redox systems by an 
electrocatalytic effect, (3) improvement of both electronic and ionic conductivities. In 
general, poor cyclability of the conducting polymer such as polythiophene can be attributed 
to a significant conformational change, resulting in a mechanical degradation which is 
caused by the repetition of the swelling and shrinking of the polymer chain during the ion 
doping-undoping process. On the other hand, the DAAQ oligomer showed little 
conformational changes because of the ordered or crystalline, “p-p stacking” 
supramolecular structure, leading to the good cycle performance (> 104). 
 
 
 
 
 
 
 
 
Figure 1.2.6  Redox reaction of 1,5-diaminoanthraquinone (DAAQ) oligomer. 
 
1.2.5 Conducting polymers for supercapacitors 
Conducting polymers such as polyaniline (PAni), polythiophene (PTh), and 
polypyrrole (PPy), have been extensively investigated in the past two decades due to their 
O O
H
N
n
LiO OLi
H
N
n
+ 2e-, + 2Li
- 2e-, - 2Li
O O
N
n
H
N
N
HN
O O
HO OH
H
N
n
H
N
H
N
HN
HO OH
- 6e-, - 6H+
+ 6e-, + 6H+
Introduction 
9 
potential application as electrode-active material in energy conversion systems and more 
particularly in electrochemical supercapacitors. With these materials it was shown that fast 
charge/discharge cycles (in the order of 10–20 s) and long cycle life (.105 cycles) make 
them potential candidates for electrode-active materials in electrochemical supercapacitors.  
Electrochemical capacitors based on conducting polymers have been categorized in 
three classes. The first one involves the same p-dopable polymer for both electrodes. The 
second one relies on two p-dopable polymers having a different range of electroactivity. 
The third one consists of p-type polymer as positive electrode and n-type polymer as 
negative electrode. After the report by Rudge et al.,34 the type III is the most promising 
configuration because its high voltage window (> 3 V) results in higher energy. 
Mastragostino et al. reported the design of p- and n-dopable poly(3-methylthiophene) 
(pMeT) and optimization of the cell configuration for potential application in 
electric-vehicle.35,36 They also reported the hybrid supercapacitor composed of p-type 
conducting polymer and activated carbon as positive and negative electrodes, 
respectively.37-39 During the charge-discharge, the pMeT is p-doped and undoped, the 
activated carbon surface  (Csurface) is electrostatically charged-discharged, and the 
electrolyte salt is, as in double-layer carbon supercapacitor, consumed and released. Such 
hybrid supercapacitor is a promising configuration for supercapacitors of low equivalent 
series resistance and of high specific power. 
 
 
 
 
 
Figure 1.2.7  The overall charge-discharge process of C//pMeT hybrid supercapacitor. 
 
1.2.6.  Extended π-conjugated molecules 
In some extended π-conjugated systems, such as biaryl and polyarylene, the 
interaction of the arylene building blocks is inhibited by stronger steric structures and the 
unpaired electron of the radical anion is localized in one subunit. For example, 
1,1’-binaphthyl acts as a single π-system with homogeneous spin distribution and the 
subunit interacts each other, while 9,9’-bianthryl has two localized subunits.2,40,41  
Pyrene forms a dianion upon reduction,42 and cyclooctatetraene (COT) also forms a 
stable dianion based on Huckel’s rule: (4n + 2) π electrons system. Surprisingly, the redox 
behavior of COT-based polymer is governed by the role of COT as electrophore – in spite 
of the extended π-conjugation. Each COT subunit transforms into a dianion without a 
significant charge density on the olefinic bridging groups. 
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Figure 1.2.8  Extended π-conjugated molecules 
 
Especially, in COT the charging of each 8-membered ring is accompanied by a 
significant conformational change, which leads to the electromechanical actuator (molecular 
muscles).43,44 Marsella et al. reported redox-induced conformational change of 
tetra(2,3-thienylene).45 Recently, Yamamoto et al. also introduced a paraphenylenediamine 
unit as the molecular module to fix and release the free rotation of paraphenylene moiety in 
cyclophane, leading to the cavity control by redox switching.46 A paraphenylenediamine 
(benzenoid form) is converted quantitatively to the paraquinonediimine (quinoidal form) by 
a one-step successive two-electron transfer in the presence of a Lewis acid, which promises 
a potential application in electrode-active material.47  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2.9  Molecular electromechanical actuators.  
 
 
1.3  Redox Polymers (Polymers Bearing Redox Centers) 
In contrast to the conjugated conducting polymers, a group of polymers with an 
ordinary, nonconjugated backbone and redox centers localized, for the most part, in pendant 
groups is defined as “redox polymer” here. The redox centers, not the polymer chain, 
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govern the redox behavior.  
 
1.3.1  A series of polymers bearing redox centers 
Redox polymers include the poly-vinyl polymers with tetrathiafulvalene (TTF),48 
ferrocene (Fc),49-51 carbazole (Cz),52 and triphenylamine (TPA)53,54 groups. Radical 
polymers described in Chapter 1.5 are also categorized in redox polymers. 
 
 
 
 
 
 
 
Figure 1.3.1  A series of redox polymers 
 
Tetrathiafulvalene(TTF)-subsituted polystyrene was prepared as electroactive 
modified electrode by Kaufman et al. Facile electronic conduction through the amorphous 
film was reported, ascribed to the electron exchange between the closely spaced TTF groups. 
Counter-ion movement through the polymer matrix accompanies the electron movement 
along these groups. Poly(vinylferrocene) (PVFc) was prepared by Iwakura et al. and its test 
cell exhibited a high power-capability, in contrast to the conducting polymer. 
Electrochemically prepared poly(N-vinylcarbazole) (PVCz) exhibited poor power capability, 
and its redox reaction was coupled the side reaction such as dimerization. 
 
1.3.2  Disulfide Containing Polymer 
Sulfur (S) atom serves as an electro-active element in molecules where bond 
breaking/bond forming is the basis for charge storage. Unlike the doping/undoping of 
polythiophene, the level of charge storage is related to the extent to which the 
polymerization/depolymerization reaction occurs. Visco et al. reported the discovery and 
potential application of sulfur-based redox dimerization and polymerization electrodes. In 
the late 1980s, tetraethylthiuram disulfide (TETD), diphenyl disulfide (PDS), and other 
organosulfur compounds were proposed as cathode-active materials, in conjunction with a 
(solid) lithium or sodium anode. In such “redox polymerization electrodes”, disulfide 
(–S–S–) is reversibly reduced to the thiolates (S-) during discharging process.55-57 
 
 (–SRS–)n + 2 ne- ↔ n RS22- (positive) 
 2n Na ↔ 2n Na+ + 2n e- (negative) 
 (–SRS–)n + 2n Na ↔ n RS2Na  (cell) 
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Kinetic studies revealed the reversible, however, kinetically slow electron transfer 
process (as seen from the sweep-rate dependence and large peak separation in the 
voltammograms) of these compounds, which is the disadvantage for application as an 
electrode-active material. The kinetic studies also gave the following sequence for the order 
of molecular structure next to the sulfur atom, in which the redox reactions become faster.58  
 
 
 
Figure 1.3.2  Sequence of the fast redox reaction involving thiol–disulfide couple 
 
The thiuram system was rapidly extended to systems, where dimercapto compounds or 
dithiolates are the reduced form, and disulfide polymers are the oxidized form. Particularly, 
2,5-dimercapto-1,3,4- thiadiazole (DMcT) polymeric analog X1 has high specific energy 
(theoretical charge capacity = 362 Ah/kg) and relatively fast kinetics among such 
organo-sulfur compounds, and were used in Li/solid polymer electrolyte or gel 
electrolyte/X1 battery configuration. Owing to the limitation of the loading and utilization 
of the DMcT, a liquid electrolyte was unfavored. Two thiol groups of the reduced DMcT 
take a role of acid, and its dissociation equilibrium affect the redox process (Fig. 1.3.3). 
DMcT also has the thiol-thione tautomeric isomerization, and the redox property is strongly 
affected by proton transfer. Addition of the acid shifts the reduction potential anodically 
(facilitates the reduction), and addition of base shifts the oxidation potential cathodically 
(facilitates the oxidation).59,60 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3.3  Acid-base equilibrium and tautomeric forms of DMcT. 
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Organo-sulfur compounds have several disadvantages: In the redox reaction of 
thiol-disulfide system, bond-breaking and bond-formation of the covalent bond (–S–S–) 
require the high activation overpotential, resulting in the slow electrode process. The bond 
cleavage also induces the decomposition of the polymer, amounting to self-discharge or 
poor cyclability. These compounds have insufficient electro-conductivity. 
 
 
1.4  Redox-Active Species/Conducting Polymer Composite Materials 
Oyama et al. developed the composites of DMcT polymer X1 (Chapter 1.3.2) with 
polyaniline to accelerate the sluggish kinetics of the redox reactions at room temperature. 
61-63 As a result of the electrocatalytic effect of the conducting polymer, the dimerization 
process proceeds reversibly at room temperature. A large improvement in the charge 
capacity was obtained when X1/polyaniline cathode was made by film casting from 
N-methyl-2-pyrrolidone. The conducting polymer might fill a number of functions in 
addition to being a catalyst. It should contribute electronic conductivity (which nessecitates 
a redox potential of the thiol polymerization material to be in its well-conducting, doped 
state), it should contribute ionic conductivity (which requires counterions); it is likely to 
provide a porous structure; and it may function as an additional active material. Recently, 
poly(ethylenedioxythiophene), PEDOT, was also combined with DMcT, and its 
acceleration effect on the charge-transfer kinetics was reported.64,65 However, there is still a 
cyclability problem as a result of the dissolution of generated DMcT monomer. Such 
leaching of DMcT species from the PEDOT film matrix during the discharge process causes 
significant capacity loss and poor charge/discharge cyclability. For practical use of this 
composite system, procedures and/or materials capable of preventing leaching of DMcT 
from the PEDOT film matrix must be developed. 
 
 
 
 
 
 
 
 
Figure 1.4.1  Mechanism for the acceleration of the redox reaction between DMcT and 
PEDOT. 
 
Palmore et al. proposed in her recent report, the combination of redox-active dyes and 
polypyrrole, enabling the energy storage device, residing between a rechargeable battery 
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and an ultracapacitor.66,67 This system consisted of two electrodes coated with polypyrrole 
(pPy) doped with two different redox-active compounds: indigo carmine (IC) or 
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS). The resulting redox-active 
conducting polymers (pPy[IC]) and (pPy[ABTS]) formed the bases of a battery that 
depended on the faradaic reactions of the redox-active dopants. This battery composed of 
these two polymers showed the significant enhancement in performance at high power 
densities. The principle of energy storage is based on faradaic processes of redox-active 
dopants (battery-like) but the electrochemical reactions are surface confined without 
diffusion of the electroactive materials. Instead, the counterions in the electrolyte neutralize 
the charge on the electrode (EDLC-like). The porous structure of the conducting polymer 
provided an electrode with high surface area and enabled counterions to access the 
redox-active dopants. In addition, the polymer matrix provided an environment that is 
conductive, leading to enhanced electron transfer between the base electrodes and the 
electroactive dopants. 
 
 
 
 
 
 
 
 
 
 
Figure 1.4.2  Molecular structures of oxidized and reduced form of IC and ABTS. 
 
 
1.5  Organic Radical Polymers 
1.5.1  A Stable Organic Radical Molecules     
An organic radical molecule is a molecular entity possessing one unpaired electron 
such as ·CH3, and ·CCl3, in which the dot symbolizes an unpaired electron. Organic radicals 
often appear as intermediates in photochemical and thermal reactions and are also known to 
initiate and propagate polymerization and combustion reactions. They are usually 
short-lived and highly reactive, being converted to stable molecules through dimerization or 
redox reactions with other molecules, solvents, or molecular oxygen. For example, the 
methyl radical easily forms ethane (2CH3· → CH3-CH3) by dimerization. Thus the organic 
radical molecules had been hitherto classified as unstable and intractable materials.68-71 
However, organic radicals can be chemically modified into stable compounds, existing 
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for appreciable lengths of time under ambient conditions. Chemical stabilization is achieved 
via sterically protected structures around the radical centers or the unpaired electrons and/or 
by resonance structures involving the unpaired electrons. Based on these chemical 
modifications, hundreds of stable organic radicals are now known. Examples are contained 
in Fig. 1.5.1. Tris(pentachlorophenyl)methyl and bis(diphenylene propenyl)phenylmethyl 
are carbon-centered radicals. Diphenylpicrylhydrazyl (DPPH) and triphenylaminium 
cationic radicals are examples of nitrogen-centered radicals. Oxygen-centered species 
involve molecular radicals such as 2,4,6-tri-t-butylphenoxyl, galvinoxyl, nitronyl nitroxide, 
and 2,2,6,6-tetramethylpiperidinyl-N-oxy (TEMPO).  
 
 
 
 
 
 
 
 
Fig. 1.5.1  Stable radical molecules. In the chemical formulae the unpaired electron is 
indicated by a dot. 
 
Some stable radicals such as TEMPO and their derivatives are commercially available 
and widely used as spin labels for monitoring biomolecules and as spin traps or radical 
scavengers of organic materials and biological systems. Precursors of radical molecules are 
also produced in ton level quantities as antioxidants and as light-stabilizers for plastics and 
commodity materials. For example, hindered amines (and polyamines) and hindered 
phenols (and polyphenols) act as antioxidants to reductively remove oxygen and radical 
contaminants, yielding stable radical species through the abstraction of hydrogen. In 
summary, organic radical molecules and their precursors have been utilized in commodity 
stuffs, and have been examined and guaranteed as nontoxic materials. 
 
1.5.2  Radical polymers as redox catalysts 
Stable organic radicals have been extended to their polymeric radical analogs as well. 
The radical polymers were studied extensively in the 1970s as redox reagents or redox 
resins, which catalyze the oxidative and/or reductive reactions of organic compounds.72-76 
For example, poly(acrylic acid)-combined TEMPOs were synthesized and studied as a 
catalytic reagent for the oxidation of alcohols into aldehydes and ketones.77 Electrochemical 
studies of these polymers have revealed that the nitroxide center displays reversible redox 
behavior attributable to oxidation of the nitroxide radical and reduction of the corresponding 
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oxoammonium form, which is the molecular basis for the use in redox reagents. The organic 
radical-based or metal-free redox reagents have been reexamined recently from the 
perspective of green or environmentally compatible chemical reaction processes.78-80 
 
 
 
 
 
 
 
 
Fig. 1.5.3  Nitroxide radical polymer as redox reagents 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5.4  Electrochatalytic oxidation of some substrates on TEMPO-modified 
poly(acrylic acid)–graphite felt electrode. 
 
1.5.3  Mechanism of Organic Radical Battery81-84 
   A nitroxide radical is a typical oxygen-centered stable radical with spin-density 
localization on the oxygen atom, and involves the resonance structure shown in Fig. 1.5.5 
that contributes to the high stability of the radical. A nitroxide radical is also characterized 
by its significantly small molecular weight per the radical moiety (N-O = formula weight 
30) and its compact molecular size. 
 
 
 
 
Figure 1.5.5  Resonance structures for a nitroxide radical 
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Fig. 1.4.6  Redox processes involving the nitroxide radical 
 
The nitroxide radical displays two redox couples as illustrated in Figure 1.5.6. On the 
anodic side, the nitroxide radical is oxidized to form the corresponding oxoammonium 
cation. For example, an oxoammonium phosphorus hexafluoride salt is formed in the 
presence of LiPF6, which has been isolated as a stable salt. The oxidation process of the 
radical is reversible and leads to p-type doping of the radical material. On the cathodic side, 
the nitroxide radical is reduced to the aminoxy anion (e.g., the lithium alcoholate amine 
formation in LiPF6), leading to n-type doping of the material. The anodic redox couple of 
the nitroxide radical and the cathodic couple are applicable to cathode and anode reaction of 
a secondary lithium-ion battery, respectively. There has been no report, except for our work, 
in which organic radical polymers have been utilized as the electrode-active or 
charge-storage component for a secondary battery. A battery composed of the radical 
polymer electrode is a so-called organic radical battery here.  
We have synthesized a series of nitroxide polymers: The polymer involves the radical 
moiety with a high density and allows molding of electrodes. Figure 1.5.7 shows the 
charging and discharging mechanism of a prototype organic radical-based lithium-ion 
battery where the p-type nitroxide radical polymer forms a cathode operated in conjunction 
with a carbon anode. During the charging process, the p-type radical polymer in the cathode 
is oxidized to the oxoammonium form. During the discharging process, the nitroxide radical 
is regenerated by reduction of the oxoammonium. 
 
 
 
 
 
 
 
 
Figure 1.5.7  A lithium-ion battery based on a radical polymer cathode. 
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   A typical example of the nitroxide radical polymer is 
poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA, Fig. 1.5.8). This 
polymer is a derivative of a conventional plastic, polymethacrylate, and has a TEMPO 
radical in the repeating unit. PTMA is obtained by the polymerization of 
2,2,6,6-tetramethylpiperidine methacrylate, a material known as a light stabilizer, followed 
by the oxidation reaction of the precursor polymer. PTMA is also prepared by the anionic 
polymerization of the radical monomer, 
4-methacryloyl-2,2,6,6-tetramethylpiperidinyl-N-oxy. The molecular weight of PTMA > 
104, and the radical content is almost 100% as shown by the chemical structure of PTMA in 
Figure 1.4.8. PTMA is an amorphous polymer that exists in a glassy state at room 
temperature, with a glass transition temperature (Tg) to change to a rubbery state of 70°C. 
This is comparable to that of poly(alkyl methacrylate), which suggests that PTMA may 
have good processability and molding ability. PTMA is thermally stable at high 
temperature: A 10% weight decrease in the whole polymer occurs at 263°C. The radicals on 
the PTMA are almost stable up to this temperature of the polymer. This radical 
concentration remains unchanged for over 1 year under ambient conditions. This polymer 
displays appropriate solubility in organic solvents and is insoluble in electrolyte solutions 
such as ethylene carbonate and diethyl carbonate with LiPF6.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5.8  Synthesis of poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) 
(PTMA) 
 
1.5.4  Performance of the organic radical battery 
   The radical polymer PTMA itself does not shown sufficient electric conductivity; 
therefore, PTMA is mixed with 20–50 wt% graphite fibers to give a cathode electrode. A 
scanning electron microscopy (SEM) image of the composite electrode (Fig. 1.5.9) reveals 
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that a graphite nanofiber with a diameter of 150 nm is thoroughly covered with a thin 
(50–100 nm thick) PTMA layer. Figure 1.5.10 shows a cyclic voltammogram of the 
PTMA/carbon composite electrode. In situ electron spin resonance (ESR) signals (also 
shown in Fig. 1.5.10) support ESR-silent oxoammonium formation on the anodic side and 
regeneration of the nitroxide radical with very high concentration on the cathodic side. The 
redox potential of the PTMA electrode is 0.76 V vs. Ag/AgCl (3.58 V vs. Li/Li+). The 
narrow peak separation of the redox waves of the radical polymer even in the form of the 
electrode (Fig. 1.5.10) is attributable to fast electrode reaction kinetics, which affords the 
capability for a high power rate in the charging and discharging processes of the battery. 
 
 
 
 
 
 
 
 
 
Figure 1.5.9  A SEM image of the radical polymer (PTMA)/carbon composite cathode. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5.10  Cyclic voltammogram of the radical polymer (PTMA) as the composite 
electrode. Inset: In situ electrolytic ESR spectra of the composite electrode under the 
applied potentials of 2.8 V and 4.4 V. 
 
   The test cell was fabricated by stacking the radical polymer electrode with a separator 
film and lithium metal or a graphite carbon as the anode. Ethylene carbonate containing 
LiPF6 was used as the electrolyte.  
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   The charge-discharge curves for the fabricated PTMA lithium battery display a plateau 
voltage at almost 3.5 V, which agrees with the redox potential of the PTMA radical polymer. 
The charge and discharge capacities were very similar and were 110 mAh/g based on the 
PTMA weight at a current density of 0.1 mA/cm2 (1 C), which is close to 100% of the 
theoretical capacity based on the amount of PTMA present on the electrode (111 mAh/g). 
The high current efficiency may be ascribed to the simple one-electron transfer reaction in 
the nanometer-size polymer layer of the electrode. 
   There was no self-discharge in the battery via eluting out of the radical polymer into the 
electrolyte solution. At a current density of 1.0 mA/cm2 (10 C), the charging capacity still 
remained ca. 95% of that at 0.1 mA/cm2 (1 C). A current density of 1.0 mA/cm2 is much 
greater than those of conventional batteries, and only 5 min was needed to fully charge this 
battery. In another aspect (Fig. 1.5.11), almost no voltage drop and no capacity decrease 
were observed during the discharging behavior of the radical polymer battery is caused by 
rapid electron-transfer of the organic radical in the nanometer-size polymer layer. 
   The cycle performance during charging and discharging in the range from 3.0 to 4.0 V 
of the fabricated battery has been tested; no significant deterioration in the capacity was 
observed for more than 10,000 cycles. This surprisingly long cyclability may be ascribed to 
the chemical stability of the nitroxide radical, the simple one-electron transfer reaction of 
the radical, and to the amorphous electrode structure. The charging and discharging 
processes of this battery do not involve any structural change in the organic polymer or the 
electrode-active material, bringing about the strikingly long cycle life. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5.11  Example of discharging curves for the organic radical battery 
 
1.5.5  Advantages of nitroxide polymers 
   The organic nitroxide radical has the following characteristics as an electrode-active or 
charge storage material for batteries. One characteristic is the small molecular weight 
(formula weight) per active site among the redox active organic molecules, for example, 30, 
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64, and 186 for N-O, S-S, and ferrocene, respectively. That is, the specific capacity as an 
electrode may be enhanced by designing the molecular structure of the nitroxide derivative. 
Second, the repeating unit structure bearing a localized unpaired electron provides a high 
density of unpaired electrons in the radical polymer, that is, a deeply (almost quantitative) 
doped state. This is in contrast to the so-called polymer electrodes composed of 
π-conjugated conducting polymers. 
   The electron-transfer rate constant for the nitroxide radical in solution is estimated to be 
on the order of > 10-1 cm/s. This rapid electron-transfer rate for the nitroxide radical redox 
is the most important feature in comparison with the slow rates for the other organic redox 
couples (e.g., the electron-transfer rate constant of 10-8 cm/s for a disulfide redox).85 The 
diffusion coefficient (Dapp) of the redox or charge transfer in the radical polymer layer, 
using the PTMA-modified electrode: Dapp = 10-8 cm2/s, is comparable to those of previously 
reported redox-active polymers such as poly(vinylferrocene) (Dapp = 10-8 cm2/s). The 
amorphous, solvated, and slightly swollen structure of the radical polymer in the electrode 
process. These features afford a high power-rate performance for the charge and discharge 
processes during battery applications (Chapter 4 in detail). 
The nitroxide radical polymer is completely burned to yield only carbon dioxide, 
water, and a small amount of nitrogen oxide, and undergoes thermal runaway with no odor 
or ash formation. The radical polymers are not toxic. These environmentally benign 
characteristics of the radical polymers are strong advantages vs. metal-based conventional 
(e.g., NiCd) or sulfur-based electrodes. 
 
1.5.6   Domain and Issues of Organic Radical Battery 
In 2006, NEC research group, our collaborator in industry, reported the fabrication of 
a 100-mAh class of Al-laminated film packaged organic battery with PTMA composite 
cathode and graphite anode.86 The energy density per cell weight was less than that of 
conventional Li-ion battery. However, the power density per active material weight was 
found to be better than that of Li-ion battery. The battery performance based on the PTMA 
cathode is projected on the energy and power density diagram for conventional batteries and 
capacitors (Fig. 1.5.12). The performance of the radical battery is characterized by both 
remarkably high power density and high energy density (or high capacity), and it is almost 
comparable to those of capacitors and conventional batteries, respectively. By utilizing its 
high power performance and relatively high capacity, the radical battery has been tested, for 
example, as an uninterruptible power supply system (UPS) for the backup or shutdown of 
personal computers and computer servers during power failure. The applications, which 
require high-power capability rather than high-energy density, such as the sub-battery in 
electronic devices and motor drive assistance in electric vehicles, would be appropriate for 
organic radical batteries in the future.  
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Figure 1.5.12  Lagone plot 
 
An ongoing challenge with the organic radical battery is the enhancement of the 
energy density or the capacity. The theoretical capacity of PTMA as the cathode active 
material is 111 mAh/g, which is around two-thirds of the capacity of the cathode material 
(150–170 mAh/g) in conventional Li-ion batteries. Along with designing the molecular 
structure of the nitroxide derivative, we have proposed and synthesized a series of radical  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5.13  Examples of radical polymers 
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polymers with a compact molecular structure and a small molecular weight per active 
nitroxide site (Fig. 1.5.13). As shown in this diagram, poly(vinyl ether) 3 improved the 
theoretical capacity, and showed quantitative redox even in the high content (70 wt%) of the 
composite electrode. Polyether 4 and 5 were designed to improve the compatibility with 
electrolyte solution, enabling high power capability and high utilization of radical materials 
(Chapter 2 in detail). Polynorbornene 6 was prepared and photocrosslinked to provide 
design flexibility and processing compatibility, leading to a organic-based paper battery 
(Chapter 3 in detail). Polystyrene derivatives 7, 8, and 10 were designed to switch from 
p-type (or cathode-active material) to n-type (or anode-active material) via the substituent 
electronic effect, enabling the totally-organic derived secondary battery (Chapter 5 in detail). 
Poly(galvinoxylstyrene) 14 displayed the reversible n-type redox to form galvinoxylate 
anion, providing both cathode- and anode-active materials, combined with Li anode and 
TEMPO-based polymer cathode, respectively. This is the first example of a totally 
organic-based radical battery (Chapter 6 in detail). Aminium cationic radical was also 
investigated as cathode-active material.87 Diphenyl nitroxide 11 and nitronyl nitroxide 13 
were proposed to produce both p- and n-type redox with the same polymers. 
 
1.5.7  Recent Studies Related to Organic Radical Batteries 
Since our reports on organic radical battery composed of nitroxide radical polymer, 
the organic radical molecules have been reexamined as the electrode-active materials by 
several research groups. Morita et al. reported very recently, the utilization of 
TTF-substituted 2,5-di-tert-butyl-6-oxophenalenoxyl to develop a molecular crystalline 
secondary battery.88,89 This odd-alternant phenalenyl system is categorized as having an 
extremely spin-delocalized and highly spin-polarized nature with multi-redox abilities, 
which leads to the multi-stage electron-charge/discharge processes of the battery.  
 
 
 
 
 
 
 
 
 
Figure 1.5.14  Multi-redox reactions of TTF-substituted 
2,5-di-tert-butyl-6-oxophenalenoxyl. 
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Miura et al. also reported very recently, the electrochemical properties of 
N-alkoxyarylaminyl  and thioaminyl radicals.90 These radicals o-substituted with t-butyl 
group displayed a reversible wave at –1.3 V vs. Fc, ascribed to the reduction to N-, and a 
redox wave at 0.2 V, corresponding to the oxidation into N=O+. This oxidation couple of 
aminyl radical is less stable than the reduction couple, assumed to the decomposition of 
N-O or NO-C bond. 
 
 
 
 
 
Figure 1.5.15  Redox couples of N-alkoxyarylaminyl radicals. 
 
Dahn, et al reported the application of TEMPO derivatives as the redox shuttle 
additives in Li-ion batteries.90 Li-ion batteries are sensitive to overcharging, resulting in loss 
of capacity and safety hazards. Currently, lithium-ion battery packs the charge protection 
circuitry to monitor the state of charge in each cell, however this circuitry adds bulk and 
cost to the battery. An alternative method is the use of a redox shuttle within each cell.91-93 
The redox shuttle is a molecule that is capable of providing an internal path for overcharge 
current within each cell, which prevents overcharging of each individual cell. The redox 
shuttle mechanism is shown as follows: The shuttle molecule (S) is oxidized (loses an 
electron) when the positive electrode potential is high, which only occurs during overcharge. 
The oxidized shuttle (S+) then diffuses through the electrolyte to the negative electrode 
where it is reduced (gains an electron) back to the neutral shuttle (S). This cycle can occur 
over and over during each overcharge cycle. Dahn, et al. has discovered (and patented) the 
first commercially useful shuttle molecule for LiFePO4/graphite Li-ion cells, 
2,5-di-tert-butyl-1,4-dimethoxybenzene. 
 
 
 
 
 
 
 
 
Figure 1.5.16  Chemical Shuttle molecules and their shuttle mechanism in Li-ion battery. 
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1.6  Charge Transport in Polymer Matrixes with Redox Centers4,94,95 
In electrocatalytic systems, sensors, eletrochromic displays, and energy storage 
devices, charge transport between redox molecules incorporated within a polymer matrix 
plays an essential role for their functions. In this section, electrochemical studies of charge 
transport mechanism in a polymer matrix are described. 
Redox molecules are incorporated in a polymer matrix by covalent bonding, 
electrostatic binding, and/or hydrophobic interaction. In a polymer-coated electrode, the 
overall electrode reaction consists of a “heterogeneous” electron-transfer process between 
the electrode and the electroactive species as well as a “homogeneous” charge-transport 
process within the polymer film, as schematically illustrated in Figure 1.5.1. The latter 
process is determined by the interaction of the matrix with the redox species (the mobility 
of the redox center molecule): physical diffusion (or physical replacement) of the redox 
molecules, charge hopping between molecules, or combined mechanism. Migration of 
counter ions also affects the charge transport.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.5.1  Schematic depiction of the overall electrode reaction at polymer-coated 
electrodes, where electroactive species (or sites) are confined in the polymer matrix. The 
term k° and α are the standard rate constant and the transfer coefficient, respectively, of the 
heterogeneous electron-transfer process. The term Dapp is the apparent diffusion coefficient 
for the homogeneous charge transport process within the polymer film. The faradaic 
current is if. The symbols Ox and Red represent the oxidized and reduced species (or sites), 
respectively. 
 
The charge propagation within the polymer matrix can be characterized by the 
apparent diffusion constant Dapp (detail in 1.6.1). Dependence of Dapp on the concentration 
(c) of electoactive species (or sites) confined in polymer domains allow us to estimate 
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whether charge transport involves dominantly intrinsic electron exchange, physical motion 
of redox species, or both of these.  
For a diffusion mechanism, Dapp is independent on c, and usually shows a high value 
of the order of 10-8–-10 cm2/s.96-99 A typical example for this is the Ru(bpy)32+/Nafion system. 
In some cases, where multiple-charged redox species are incorporated into polymer films by 
an electrostatic interaction, “electrostatic cross-linking” and/or “single-file diffusion” must 
be taken into account as dominant effects. An increase of the electrostatic cross-linking with 
increasing c causes a decrease in the diffusion rate of redox species itself, as well as 
decreases in the rates of the charge-compensating counterion motion, the motion of solvent 
and/or the segmental motion of the polymeric chain. In addition, the diffusing species, 
which must move between more or less fixed sites within a polymeric matrix, are 
considered to have their rate of motion limited by the decreasing availability of the site as c 
increases (single-file diffusion effect). These both result in the decrease of the overall rate 
of the charge transport with increasing c and thus decreased Dapp values are observed.  
For an electron hopping mechanism, Dapp is dependent on c, usually shows a low value 
of the order of less than 10－11 cm2 s－1, and can increase only at high concentrations. These 
results are understood by the use of Dahms–Ruff electron-hopping charge-transport 
mechanism.100 A typical example are redox molecules (viologen or phenothiazine etc.) 
covalently attached to polymers: In this case, charge transport takes place by a hopping 
mechanism coupled to the bounded motion effects of redox sites.101,102  
 
 
 
 
1.6.1  Electrochemical Characterization of Electroactive Films4,94,103,104 
Cyclic voltammetry (CV) is the first technique to characterize the electroactive film on 
electrode. Immobilization of electroactive species on the electrode surface was easily 
confirmed from the response of surface-confined redox sites, which is significantly different 
from that of solution species. The lack of physical diffusion translates into a linear scan rate 
(v) dependence of the peak current (ip), according to Eq. 1.6.1. The slope of the 
corresponding plot is related to the number (n) of exchanged electrons, the Faraday constant 
(F), the area (A) of the electrode, the surface coverage (Γ), the gas constant (R), and the 
temperature (T). The value of Γ is equal to the moles of electroactive sites in the film per 
unit area. It can be estimated from the charge (Q) passed on reduction or oxidation in slow 
scan rate (e.g. 1 mV/s) using Eq. 1.6.2. If the scan rate is not sufficiently slow, however, 
noticeable deviations from ideal behavior are observed. Under these conditions, the 
oxidation and reduction processes are not exhaustive and the total surface coverage cannot 
be estimated. 
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 (1.6.1) 
 
 (1.6.2) 
 
Deviation from ideality is a result of the diffusive character of electron migration in 
electroactive films. This charge propagation process can be described quantitatively in the 
form of an apparent diffusion coefficient (Dapp), which is expressed by Dahms-Ruff 
equation (Eq.1.6.3). One of them (Dphys) quantifies the physical diffusion of the redox sites 
within the film boundaries. The other (De) defines the contribution of electron self-exchange 
between adjacent redox sites to the overall charge transport process. When physical 
diffusion cannot contribute significantly to charge migration in films due to the restricted 
mobility of redox sites, Dphys is negligible and Dapp can be considered equal to De. 
 
 (1.6.3) 
 
Electron self-exchange between adjacent redox sites occurs when the reduced form of 
one collides with the oxidized form of the other. The bimolecular rate constant (kex) for 
electron self-exchange, the center-to-center distance (δ) between the two redox sites and 
their total concentration (c) in the film define the value of De, according to Eq.1.6.4. In turn, 
Eq.1.6.5 relates kex to the unimolecular rate constant (ket) for electron transfer and the 
stability constant (Kp) of the precursor complex. In rigid films, adjacent redox sites do not 
have sufficient mobility to collide with each other and exchange electrons only after 
long-range electron transfer. Under these conditions, Eq.1.6.4 reduces to Eq.1.6.6, where De 
is related to the average near-neighbor distance (d). The unimolecular rate constant ket 
decreases exponentially with the edge-to-edge separation (r) between the redox sites, 
according to Eq.1.6.7. The pre-exponential term (k0) is the intrinsic rate constant and 
quantifies the inherent ability of the redox site to support electron transfer. The decay 
constant (β) is a measure of the electronic coupling between the redox sites and is related to 
the medium interposed between them. 
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The migration of electrons across an electroactive film must be accompanied by a flow 
of counterions to maintain charge neutrality. Thus, the stereoelectronic factors such as 
distance, mobility, and shape of the redox sites and of the counterions plus the intrinsic 
electronic properties of the redox sites and of the medium between them, all affect the 
counterion permeability and electron transport in the film. Dissecting their contributions is a 
challenging task. Therefore, most studies on electroactive films limit their characterization 
of electron transport to the experimental determination of Dapp, which is the net result of 
these interrelated stereoelectronic factors. 
Various electrochemical and spectroscopic methods have been employed so far to 
determine the apparent diffusion coefficient Dapp. The most common technique is 
chronoamperometry, which is based on the application of a potential step to the electrode 
and the assessment of the current (i) evolution over time (t). The fitting of the experimental 
plot to the Cottrell equation (Eq. 1.6.8) provides an estimate of Dapp, after an independent 
determination of c. In principle, the value of c can be calculated from Γ and the film 
thickness (φ) using Eq.1.6.9. Unfortunately, a reliable measurement of φ under the same 
conditions of the electrochemical experiment is not an easy task. Furthermore, the thickness 
might vary during the chronoamperometric measurement, as the electroactive films changes 
from a fully oxidized to a fully reduced state or vice versa. For these complications, the 
term c·Dapp1/2 is often reported in the literature instead of the absolute value of Dapp. 
 
 (1.6.8) 
 
 (1.6.9) 
 
In alternative to chronoamperometry, chronocoulometry can be employed for the 
determination of the apparent diffusion coefficient. A potential step is applied to the 
electrode and the charge, rather than the current, is monitored over time. The fitting of the 
resulting plot of Q against t (Anson plot) to Equation 1.6.10 provides an estimate of c·Dapp1/2. 
Following a similar experimental protocol, absorption spectroscopy can be exploited to 
monitor the change in absorbance (Aλ) of either the oxidized or the reduced form of the 
redox couple. The plot of Aλ against t in conjunction with Eq.1.6.11 then provides the value 
of c·Dapp1/2. It is necessary, however, to estimate independently the molar extinction 
coefficient (ελ) of the absorbing species at the wavelength (λ) of interest. 
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Normal pulse voltammetry is an additional transient technique employed to determine 
the apparent diffusion coefficient. It is based on the application of consecutive potential 
steps of increasing magnitude to the working electrode. At each step, the voltage rises to the 
desired amount, remains constant for a sampling time and returns to the initial value. The 
resulting voltammograms show a current plateau above a certain voltage threshold. In this 
region, the current varies during the sampling time according to the Cottrell equation (Eq. 
1.6.8). Thus, the value of c·Dapp1/2 can be estimated, once again, from the time profile of the 
current. 
In addition to the complications arising from the need for an independent 
determination of c, these electrochemical methods suffer at least two major limitations. 
Indeed, Eq.1.6.8, 1.6.10, and 1.6.11 do not take into account the finite dimensions of the 
electroactive films. Thus, the analysis of a current, charge, or absorbance profile should be 
limited to relatively short times. Another limitation is the composition of the interfacial 
assembly changes during the electrochemical experiment: slow migration of the counterions 
into the film often becomes rate-determining. Under these conditions, the value of Dapp is 
essentially a measure of counterion diffusion, rather than of the intrinsic ability of the 
electroactive film to transport electrons. This problem can be avoided by measuring Dapp at 
a constant composition of the interfacial assembly with the aid of steady-state techniques. 
These methods require the preparation of electrode/film/electrode assemblies and the 
determination of the current/voltage response of the resulting junctions. The limiting value 
of the current (il) in the corresponding plots provides an estimate of Dapp, according to 
Eq.1.6.12, if the separation (l) between the electrodes is known. It is important to note, 
however, that the design of the junction has to contemplate the fact that counterions must 
move freely in and out the film. This condition is satisfied when one of the two sandwiching 
electrodes is porous (closed sandwich configuration) or when the electroactive film is 
deposited over an array of interdigitated electrodes (open sandwich configuration). 
 
 (1.6.12) 
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2.1 Introduction 
 
An organic radical molecule bearing one unpaired electron had been classified as an 
unstable and intractable material; however, some organic radicals can be chemically modified 
into stable compounds through sterically protected structures and/or resonance structures 
around the radical center.1,2 A typical example is nitroxide radicals, such as 
2,2,6,6-tetramethylpiperidinyl-N-oxy (TEMPO), which are stable under ambient conditions 
and widely used as a spin-label and a spin-trap.3 The nitroxide radical has redox couples 
attributable to the oxidation to the corresponding oxoammonium cation (p-type doping) and 
the reduction to the corresponding aminoxy anion (n-type doping) (Scheme 2.1). Based on 
these redox couples, nitroxide polymers have been extensively studied in the 1970s as redox 
reagents or redox resins, which catalyze the oxidative and/or reductive reactions of organic 
compounds.4,5 For example, poly(acrylic acid)-combined TEMPOs were synthesized and 
studied as a catalytic reagent for the oxidation of alcohols into aldehydes and ketones.6 The 
organic radical-based or metal-free redox reagents have been recently reexamined from the 
perspective of green or environmentally compatible chemical reaction processes.7 
 
 
Scheme 2.1  Redox couples of a nitroxide derivative. 
 
However, there has been no report, except for our work, in which the nitroxide polymers 
have been utilized as the electrode-active or charge-storage component for a secondary 
battery.8,9 For example, poly(2,2,6,6-tetramethylpiperidinyloxy methacrylate) (PTMA) has a 
robust TEMPO radical moiety, and displays a reversible redox behavior attributable to the 
p-type doping. Figure 2.1 shows the charging and discharging mechanism of a prototype 
organic radical-based lithium-ion battery in which the p-type nitroxide radical polymer forms 
a cathode operated in conjunction with a carbon anode. During the charging process, the 
p-type radical polymer in the cathode is oxidized to the oxoammonium form. During the 
discharging process, the nitroxide radical is regenerated by reduction of the oxoammonium. 
The organic radical battery composed of the radical polymer electrode has several advantages: 
(1) high capacity (ca. 100 Ah/kg), ascribed to the quantitative doping, compared with the 
limited doping of the π-conjugated conducting polymer electrode, (2) high-power rate 
performance, derived from the rapid electron-transfer process of the nitroxide radical 
moiety,10 and (3) long cycle life (more than 1000 cycles) ascribed to the chemical stability of 
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the nitroxide radical moiety and to the amorphous electrode structure. However, PTMA lacks 
any molding ability during battery fabrication. In this chapter, we selected a polyether 
backbone to provide a good compatibility with a current collector and an electrolyte solution. 
The polyether backbone also involves a flexibility of the main chain, expecting an 
enhancement of the high power rate performance. We describe in this chapter, the synthesis of 
a TEMPO-substituted polyether 1 and its electrochemical property. The test cell was 
fabricated with a higher loaded radical polymer in the composite cathode, of which the battery 
performance is also demonstrated. 
 
 
 
 
 
 
 
 
 
 
Figure 2.1.  The prototype organic radical battery composed of a nitroxide radical polymer 
cathode. 
 
Scheme 2.2  Synthesis of TEMPO-substituted polyether 1. 
 
 
2.2 Experimental section 
 
Preparation of 4-glycidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl (2) 
To 4 ml of a sodium hydroxide aqueous solution(50 wt%) were added epichlorohydrin 
(2.5 ml) and tetrabutylammonium hydrosulfate (0.84 g), and the mixture was then vigorously 
stirred, cooling with a water bath. 4-Hydroxy-2,2,6,6-tetramethylpiperidin-N-oxy (1.03 g) was 
added into the mixture, and vigorously stirred for 12 h at room temperature. The mixture was 
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added into ice water and the crude product was extracted with ether, washed with water, and 
dried over anhydrous magnesium sulfate. The solvent was removed in vacuo, and the residue 
was purified using a silica gel column with hexane/ether (1/1) eluent. The TEMPO-radical 
containing epoxy monomer 2, 4-glycidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl, was 
isolated as a red solid (Yield 84%).  
The radical containing monomer 2 was chemically reduced with phenylhydrazine, and 
characterized by the NMR spectroscopy. 1H-NMR(CDCl3, 500 MHz, ppm): δ = 3.70 (dd, 1H, 
J = 11.3, 3.0 Hz, OCH2), 3.64 (m, 1H, piperidine CH), 3.40 (dd, 1H, J = 11.3, 5.8 Hz, OCH2), 
3.11 (m, 1H, epoxide CH), 2.77 (t, 1H, J = 4.6 Hz, epoxide CH2), 2.58 (dd, 1H, J = 5.2, 2.7 
Hz, epoxide CH2), 1.92 (m, 2H, piperidine CH2), 1.44 (q, 2H, J = 12.2 Hz, piperidine CH2), 
1.19 (s, 6H, CH3), 1.14 (s, 6H, CH3); 13C-NMR (CDCl3, 125 MHz, ppm): δ = 71.1, 68.9, 58.9, 
50.9, 44.5, 44.3, 32.0, 20.5; Mass: m/z 228 (found), 228.3 (calcd). IR (cm-1): 1243 (ν epoxide 
8µ), 901 (ν epoxide 11µ), 852 (ν epoxide 12µ); Found: C, 62.9; H, 9.5; N, 6.2%. Calcd for 
C12H22NO3: C, 63.1; H, 9.7; N, 6.1% 
 
Anionic ring-opening polymerization of the epoxy monomer 2 (entry 4) 
To the epoxy monomer 2 (100 mg) was added potassium t-butoxide (5 mol%) under an 
argon atmosphere. The mixture was stirred for 24 h at 60°C. The polymerization mixture was 
dissolved in chloroform and poured into hexane. The precipitate was dissolved in chloroform 
and reprecipitated into hexane to yield an orange powder (Mn = 3.2 × 104, Mw/Mn = 1.8, Yield 
66%).  
The obtained polymer 1 was chemically reduced with phenylhydrazine, and 
characterized by the NMR spectroscopy. 1H-NMR (DMSO-d6, 500 MHz, ppm): δ = 4.00 (b, 
1H, OCH2), 3.75 (m, 1H, piperidine CH), 3.61 (b, 3H, polyether CH and CH2), 1.94 (bs, 2H, 
piperidine CH2), 1.33 (bs, 2H, piperidine CH2), 1.18 (s, 6H, CH3), 1.14 (s, 6H, CH3); 
13C-NMR(DMSO-d6, 125 MHz, ppm): δ = 79.2, 70.6, 69.5, 67.8, 57.8, 44.6, 32.4, 20.7; IR 
(cm-1): 1040 (ν C-O-C); Found: C, 62.8; H, 9.5; N, 6.2%. Calcd for C12H22NO3: C, 63.1; H, 9.7; 
N, 6.1% 
 
Characterization of the radical polymer  
The polymer 1 was characterized by the g-value (2.0065) of the ESR signal to contain 
the TEMPO moiety. The radical concentration or the concentration of the unpaired electron of 
each sample was determined on the basis of the assumption of being paramagnetic at room 
temperature by integration of the ESR signal standardized with that of the TEMPO solution. 
The radical concentration was also analyzed by the slope of the Curie plots and the saturated 
magnetization in the SQUID measurement. These radical concentration values estimated by 
the two methods almost agreed with each other.  
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Electrode preparation and electrochemical measurement 
The polymer 1 (30 mg) was mixed with 60 mg of a graphite fiber (vapor grown carbon 
fiber: VGCF, Showa Denko Co.) and 10 mg of a binder powder (polyvinylidenefluoride resin: 
KF polymer, Kureha Chemical Co.) in the presence of N-methyl-2-pyrrolidone (NMP). The 
mixture was pasted on aluminum foil and dried overnight in vacuo at 80°C. The composite 
electrodes with a series of 1-loading ratios (1/carbon/binder = 1/8/1, 2/7/1, 3/6/1) were also 
prepared.  
The electrochemical measurements were performed using a conventional cell under a 
dry argon atmosphere. A normal potentiostat system (BAS Inc. ALS660B) was used for the 
cyclic voltammetry, chronopotentiometry and other electrochemical measurements. A 
platinum disk, coiled platinum wire, and Ag/AgCl were used as the working, auxiliary, and 
reference electrode, respectively. Cyclic voltammogram of the polymer/carbon composite 
electrode was measured in an acetonitrile solution in the presence of 0.1 M 
tetrabutylammonium perchlorate as the supporting electrolyte. The formal potential of the 
ferrocene/ferrocenium redox couple was 0.45 V vs. Ag/AgCl reference electrode.  
 
Cell fabrication and battery performance  
A coin cell was fabricated by stacking the polymer/carbon composite cathode with a 
separator film (cell guard #2400, Hohsen Corp.) and lithium metal as the anode under an 
argon atmosphere. An ethylene carbonate/diethyl carbonate (1/1) solution of lithium 
hexafluorophosphate (1 M) was used as the electrolyte. The cycle performance of the 
fabricated cell was tested by repeated charge-discharge galvanostatic cycles at different 
current densities. The cut-off potentials were 3.0 and 4.0 V vs. Li/Li+. 
 
Other measurements   
The 1H- and 13C NMR spectra were recorded using a JEOL Lambda 500 or Bruker 
AVANCE 600 spectrometer, and the mass spectra were recorded by a JMS-SX102A or 
Shimazu GCMS-QP5050 spectrometer. Gel permeation chromatography was performed with 
chloroform or THF using a Tosoh HLC-8220 instrument. The ESR spectra were taken using a 
JEOL JES-TE200 ESR spectrometer with a 100 kHz field modulation. The magnetization and 
magnetic susceptibility of the powder polymer sample were measured by a Quantum Design 
MPMS-7SQUID (superconducting quantum interference device) magnetometer. The 
magnetic susceptibility was measured from 10 to 300 K in a 1.0 T field. The thermal analyses 
were performed by a Seiko DSC220C and TG/DTA 220 thermal analyzer at the heating rate 
of 10°C/min under nitrogen. 
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2.3 Anionic ring-opening polymerization of nitroxide-substituted glycidyl ether 
 
The TEMPO-substituted epoxy monomer, 
4-(glycidyloxy)-2,2,6,6-tetramethylpiperidine-oxyl 2, was synthesized from 
4-hydroxy-2,2,6,6-tetramethylpiperidin-N-oxy and epichlorohydrin in the presence of  a 
phase transfer agent. This reaction proceeded with a higher yield than the previous report.11 
The TEMPO radical moiety of the monomer was chemically reduced to the corresponding 
hydroxylamine with phenylhydrazine, and characterized by 1H- and 13C-NMR spectroscopies.  
The anionic ring-opening polymerization of the monomer 2 using potassium t-butoxide as an 
initiator in THF yielded the corresponding polymer. The polymer with a higher molecular 
weight (Mn = 3.2×104) was obtained for the polymerization under bulk conditions (without 
solvent). The radical concentration per monomer residue in the polymer 1 was estimated to be 
ca. 90%. The polymer 1 was also chemically reduced with phenylhydrazine and characterized 
by the NMR spectrum, supporting the fact that the polymerization of 2 proceeded without any 
side reactions. The obtained polymer 1 was insoluble in any common solvents, but slightly 
swollen in chloroform, THF, and the electrolyte solution (ethylene carbonate/diethyl 
carbonate solution (1/1) containing 1.0 M LiPF6).  
 
Table 2.1.  Anionic ring-opening polymerization of the epoxy monomer 2a) 
Entry Solvent 
Monomer concn 
/ M 
Mn /103 Mw/Mn Yield/% 
Radical concn 
/mol% 
1 THF 0.5 2.5 1.2 25 88 
2 THF 1.0 3.2 1.3 43 91 
3 THF 2.0 3.6 1.4 57 90 
4 - Bulk 32.0 1.8 88 84 
a) time: 24 h, initiator: potassium t-butoxide (5 mol%). 
 
 
 2.4  Thermal analysis of poly(nitroxylether) 
 
The thermal analyses data of 1 and PTMA are summarized in Table 2.2. Both polymers 
were thermally decomposed at 260°C. The radical moieties on these polymers were very 
stable even at high temperature and almost stable up to this thermal decomposition 
temperature (the latter was monitored with the radical concentration of the polymers). The 
radical concentration of 1 remained unchanged for 3 months under ambient conditions. The 
glass transition temperature (Tg) for change to a rubbery state was 18°C and 71°C for 1 and 
PTMA, respectively. The low Tg value of 1 could be ascribed to the flexible polyether 
backbone of 1, and suggested a good molding ability and higher compatibility of 1 with the 
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carbon, the current collector, and also with the electrolyte solution. 
 
Table 2.2  Glass transition temperature (Tg) and thermal 
10%-decomposition temperature Td (10%) of 1 (entry 4) and PTMA. 
Polymer Tg /°C Td (10%) /°C 
1 18 260 
PTMA 71 263 
 
 
Figure 2.2.  Thermal gravimetric analysis of polymer 1 (solid line) and the radical 
concentration of the polymer 1 
 
 
2.5  Electrochemical properties and cell performance of poly(nitroxylether) 
 
The radical polymer 1 itself does not show sufficient electric conductivity; therefore, 1 
is mixed with graphite fibers to give a composite electrode. Cyclic voltammograms of the 
1/carbon composite electrode displayed a reversible redox wave at 0.78 V vs. Ag/AgCl in an 
acetonitrile solution (Figure 3), which was ascribed to the oxoammonium cation formation or 
the p-type doping of the TEMPO radical moiety of the polymer 1. Electrolytic ESR 
spectroscopy supported the ESR-silent oxoammonium formation under the applied potential 
at 1.1 V and regeneration of the nitroxide radical at 0.6 V. A symmetric redox wave with a 
narrow peak-to-peak separation (ΔE = 90 mV) indicated fast electrode reaction kinetics for 
the p-type doping of the nitroxide radical.  
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Figure 2.3.  Cyclic voltammogram of 1/carbon composite electrode (solid line) and the 
PTMA/carbon composite electrode (dashed line) in CH3CN with 0.1 M (C4H9)4NClO4. A 
platinum wire and Ag/AgCl were used as the counter and reference electrodes, respectively. 
Scan rate = 5 mV/s. 
 
The test cell was fabricated by stacking the polymer 1/carbon composite cathode with a 
separator film and lithium metal as an anode. The charge-discharge curves for the fabricated 
cell display a plateau voltage at 3.54 V vs. Li/Li+ (Figure 4), corresponding to the redox 
potential of the polymer 1 (0.78 V vs. Ag/AgCl, Figure 3): This revealed that 1 served as a 
cathode-active material. The cycle performance during charging and discharging at the cut-off 
voltages of 3.0 and 4.0 V, respectively, displayed no significant deterioration in the capacity 
up to 1000 cycles. This surprisingly stable cyclability could be ascribed to the simple 
one-electron transfer of the nitroxide radical, the flexible backbone sufficiently swollen with 
the electrolyte solution, and the amorphous electrode structure. When the amount of the 
radical polymer (1 and PTMA) loaded in the composite electrode was 10−20%, the cell 
performance displayed no significant difference between 1 and PTMA. However, as the 
loaded amount of the polymer in the electrode increases up to 30 wt%, the discharge capacity 
for the PTMA/carbon composite electrode decreased. The discharge capacity for the 1/carbon 
composite electrode maintained unchanged even at high current density (10 C rate), 
suggesting the high compatibility of the radical polymer 1 with the current collector and the 
electrolyte solution.  
In summary, the anionic ring-opening polymerization of the TEMPO-substituted 
glycidyl ether 2 yielded the corresponding radical polymer, which was insoluble, but swollen 
with the electrolyte solution. The fabricated cell composed of this polymer cathode displayed 
a plateau voltage at 3.54 V and stable charging and discharging curves. The cell performance 
was maintained even with a higher amount of 1 loaded in the composite electrode, which 
could be ascribed to the flexible polyether backbone and its higher compatibility with the 
electrolyte solution. We reported in this paper that the flexible backbone structure played an 
important role as a matrix for electron transfer. The electron transfer process in the polymer 
-0.5 0 0.5 1 1.5
Potential (V vs. Ag / AgCl)
0.20mA
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film with various backbone structures; e.g., polyether, polyacrylate, polyisocyanate, and 
polynorbornene, will be discussed in future publication. The molecular design of the main 
chain such as a branched or network structure will be the next target to enhance the 
compatibility and processability of the polymer. 
 
 
Figure 2.4.  Charge/discharge curves of the test cell fabricated with the polymer 1/carbon 
cathode and Li anode in ethylene carbonate/diethyl carbonate with 1.0 M LiPF6. Current 
density = 10 C rate; The 1 C is defined as the current density at which the charging or 
discharging of the cell takes 1 h. Inset: discharge curves for 1/carbon composite cathode 
(solid line) and PTMA/carbon composite cathode (dashed line), in which a 30 wt% radical 
polymer was loaded. 
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3.1  Introduction 
 
Prompted by the remarkable development of portable or ubiquitous electronic devices, 
the demand for smaller and more flexible batteries has increased in recent years.1,2 
Particularly, due to their utility in nanoelectronics, such as microsensors, microactuators, and 
memory chips, a slim, “paper-like” battery enables design flexibility for integration with 
electronic devices; i.e., battery-on-chip and battery-on-device. While the nanostructured metal 
or metal oxide electrode materials for small Li-ion batteries such as LiCoO2, LiMnO2 and 
V2O5, have been prepared by sequential deposition,2  block copolymer-templated,3 or 
self-assembly fabrication methods,1,4 organic-based electrodes have several inherent 
advantages: lightweight, environmental-benign characteristics, mechanical flexibility, and 
processing compatibility, leading to a solution-based or wet processing such as roll-to-roll and 
inkjet printing;5,6 these advantages could also be applicable for battery fabrication. 
Organic fuctional polymers, such as polyacetylene, polyaniline, and disulfide 
derivatives have been investigated as potential alternatives to inorganic-based electrode-active 
materials.7,8 However, the batteries composed of these organic-based materials face 
problematic practical issues such as the limited doping degree, slow electrochemical 
processes, and fluctuating voltage. Recently, we have explored the use of organic radical 
species,9,10 particularly pendant nitroxide radical functional polymers, as a cathode-active, 
charge-storage material for secondary Li-ion batteries.11 A typical example of a nitroxide 
polymer is poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA)12. This 
polymer contains a robust 2,2,6,6-tetramethylpiperidinyl-N-oxy (TEMPO) radical moiety, 
which is chemically robust, as well as rapidly, reversibly, and stoichiometrically oxidized to 
the corresponding oxoammonium cation via chemical or electrochemical oxidation (Scheme 
3.1). The organic radical battery composed of the radical polymer cathode has several 
advantages over other organic-based batteries: (1) high charge/discharge capacity (ca. 100 
mAh g-1), ascribed to the stoichiometric redox of the nitroxide radical, in contrast to the 
limited doping level of π-conjugated conducting polymers, (2) high-charging and discharging 
rate performance resulting from the rapid electron-transfer process of the nitroxide radical,13 
(3) long cycle life, often exceeding 1000 cycles, derived from the chemical stability of the 
nitroxide radical and from the amorphous electrode structure.  
 
 
 
 
 
Scheme 3.1  Redox couple of a nitroxide derivative. 
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In use of radical polymers as electrode-active materials, it is crucial to eliminate 
dissolving of the radical polymer into the electrolyte solution, which results in 
self-discharging of the battery. However, this requirement conflicts with processing 
compatibility such as solution-based fabrication to develop a paper-like battery. Furthermore, 
existing radical polymers such as PTMA lack any molding ability and film forming ability. 
To address this issue, photocrosslinking, widely used in photoresists,14 was chosen as a 
method for providing tunable solubility of the polymer, increasing mechanical toughness of 
the film, improving design flexibility and enabling patterning on the device. However, due to 
the sensitivity of most radical crosslinking reactions to nitroxide radical, the development of 
successful crosslinking chemistry has proven challenging. In this study, we describes, for the 
first time, photocrosslinking of radical containing polymers through careful design of the 
polymer backbone and the crosslinker structure, yielding a flexible, cathode-active material. 
A polynorbornene backbone provides not only good film formability and compatibility with 
current collectors but also contains sites for potential photocrosslinking after molding. We 
carefully chose a bis(azide) derivative 3 among a series of photocrosslinkers, with the 
hypothesis that the photo-induced nitrene radical (-N:) would remain unreactive with the 
nitroxide radical due to the thermodynamically unfavored N-O-N bonding, and would 
selectively react with the olefinic moiety of polynorbornene backbone. The rapid electron 
transfer in the obtained film and the cell performance are also demonstrated. 
 
 
3.2  Experimental section 
 
2,3-Bis(2’,2’,6’,6’-tetramethylpiperidinyl-N-oxyl-4’-oxycarbonyl)-5-norbornene 2.  
The norbornene monomer 2 was synthesized by modifying the previously reported 
procedure.15 To 300 ml of a dry benzene solution of cis-5-norbornene-endo-2,3-dicarboxylic 
anhydride (3.41 g) were added 4-hydroxy-2,2,6,6-tetramethylpiperidinyl-N-oxy (6.63 g), 
N,N-dimethylaminopyridine (1.07 g) and triethylamine (4 ml), and the mixture was stirred for 
12 h at 80°C under nitrogen and then cooled to room temperature. 
2-Chloro-1-methylpyridinium iodide (6.63 g) was added to the reaction mixture, which was 
vigorously stirred for 12 h at room temperature. The precipitate (the residue of 
2-chloro-1-methylpyridinium iodide) was removed by filtration, and triethylamine was 
removed in vacuo. The crude product was extracted with chloroform, washed with an aqueous 
solution of ammonium chloride, and dried over anhydrous magnesium sulfate. The solvent 
was removed in vacuo, and the residue was purified using a silica gel column with an ethyl 
acetate/chloroform/hexane (1/6/3) eluent. Two diastereomers, the endo-, endo- and endo-, 
exo-derivatives, were isolated as orange crystals by recrystallization from hexane/chloroform 
in the yield of 33 and 12%, respectively.  
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Each structure was characterized by the 2D-NMR spectra by chemically reducing them with 
phenylhydrazine; endo-, endo-derivative: mp. 164 °C, 1H-NMR (CDCl3, 600 MHz, ppm, 
reduced with phenylhydrazine): δ = 6.26 (bs, 2H, olefinic =CH), 5.01 (m, 2H, piperidine 
methine), 3.22 (bs, 2H, endo-methine), 3.14 (bs, 2H, bridgehead CH), 1.93 (m, 4H, piperidine 
CH2), 1.65 (m, 4H, piperidine CH2), 1.47 (m, 1H, bridge carbon CH2), 1.31 (m, 1H, bridge 
carbon CH2), 1.27 (s, 12H, TEMPO CH3), 1.21 (d, 12H, TEMPO CH3); 13C-NMR (CDCl3, 
150 MHz, ppm): δ = 175.9, 138.7, 70.2, 64.5, 52.5, 52.1, 50.3, 47.4, 35.4, 24.3; IR (cm-1): 
2974 (ν C-H), 1740 (νC=O), 1178, 1159 (νC-O); Mass: m/z 490 (found), 490.6 (calcd); Found: C, 
66.0; H, 8.8; N, 5.7%. Calcd for C27H42N2O4: C, 66.1; H, 8.6; N, 5.7%; Rf 0.65 (ethyl 
acetate/hexane = 1/1); endo-, exo-derivative: mp. 191°C, 1H-NMR(CDCl3, 600 MHz, ppm, 
reduced with phenylhydrazine): δ = 6.29 (dd, 1H, olefinic =CH), 6.07 (dd, 1H, olefinic =CH), 
5.08 (m, 1H, piperidine methine), 5.01 (m, 1H, piperidine methine), 3.33 (t, 1H, 
endo-methine), 3.25 (bs, 1H, bridgehead CH), 3.10 (bs, 1H, bridgehead CH), 2.63 (dd, 1H, 
exo-methine), 1.93 (b, 4H, piperidine CH2), 1.68 (b, 4H, piperidine CH2), 1.60 (d, 1H, bridge 
carbon CH2), 1.45 (dd, 1H, bridge carbon CH2), 1.28 (bs, 12H, TEMPO CH3), 1.24 (s, 6H, 
TEMPO CH3), 1.22 (s, 6H, TEMPO CH3); 13C-NMR (CDCl3, 150 MHz, ppm): δ = 177.8, 
176.7, 141.5, 138.8, 70.7, 70.5, 64.5, 64.2, 51.9, 51.6, 51.3, 51.2, 49.5, 47.3, 35.1, 24.5; Mass: 
m/z 490 (found), 490.6 (calcd); Rf 0.70 (ethyl acetate/hexane = 1/1).  
Ring-opening metathesis polymerization of 2.  To a 1.0 ml toluene solution of the 
monomer 2 (100 mg) was added the Grubbs second generation catalyst (Aldrich, 2.3 mg), and 
the mixture was stirred for 12 h at 40°C under an argon atmosphere. The polymerization 
mixture was poured into hexane, and the precipitated polymer powder was purified by 
reprecipitation from chloroform into diethyl ether to afford the pale orange powder of 1a 
(yield 93%). Mn = 13,100, Mw/Mn = 1.2; 1H-NMR(CDCl3, 600 MHz, ppm, reduced with 
phenylhydrazine): δ = 5.46 (bs, 2H, olefinic =CH), 4.93 (s, 2H, piperidine methine), 3.15 (bs, 
2H, cyclopentane mechine), 2.80 (bs, 2H, cyclopentane methine), 1.83 (s, 4H, piperidine 
CH2), 1.72 (bs, 1H, cyclopentane CH2), 1.40 (bs, 4H, piperidine CH2), 1.25 (bs, 1H, 
cyclopentane CH2), 1.07 (bs, 24H, TEMPO CH3); 13C-NMR (CDCl3, 150 MHz, ppm): δ = 
170.5, 131.2, 66.1, 57.9, 50.5, 43.8, 32.4, 20.8, 20.0; IR (cm-1): 2974 (νC-H), 1732 (νC=O), 
1174 (νC-O). 
The bifunctional monomer 3, 1,4-di(norborn-2-en-5-yl)benzene, was synthesized via 
palladium coupling of norbornadiene and 1,4-diiodobenzene based on a previous report.16 To 
a 1.0 ml toluene solution of the monomer 2 (100 mg) and 1,4-di(norborn-2-en-5-yl)benzene 
(1.5 mg) was added the Grubbs 2nd catalyst (2.3 mg), and the mixture was stirred for 15 h at 
40°C under an argon atmosphere. The polymerization mixture was poured into diethyl ether, 
and Soxhlet extraction with acetonitrile to remove the soluble parts and afford a pale orange 
powder of 1b (Yield 89%). IR (cm-1): 2975 (νC-H), 1732 (νC=O), 1175 (νC-O). The composition 
of the crosslinked copolymer of 2 and 3 was determined by the elemental analysis and the 
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SQUID measurement. The composition almost agreed with the feed ratio (Table 3.1). 
 
Table 3.1. Ring-opening metathesis copolymerizationa) 
Entry Solvent Yield 
(%) 
Feed 
ratio 
2/3 
Composition 
of the polymerb) 
2/3 
Solubility in 
CH3CN 
1 CH2Cl2 87 0.97/0.03 0.90/0.10 Soluble 
2 CH2Cl2 75 0.92/0.08 0.84/0.16 Soluble 
3 CH2Cl2 70 0.83/0.17 0.68/0.10 Insoluble 
4 toluene 89 0.96/0.04 0.90/0.10 Insoluble 
a) [2+3] = 0.2 M, [Grubbs 2nd cat.] = 1.0 mol%, temp. = 40°C, 15 h. 
b) determined by elemental analysis. 
 
Photocrosslinking.  To an ethyl lactate solution of the radical polymer 1a (25 mg, 4 
wt%) was added a toluene/ethyl lactate (1/1) solution of 
2,6-bis(p-azidobenzal)-4-t-amylcyclohexanone (BAC-TA, Toyo Gosei Co., Ltd.) 3  and the 
mixed solution was spin-coated on a ITO glass substrate using a spin coater (Mikasa spin 
coater 1H-D3) at 2000, 4000 and 6000 rpm. After UV irradiation (Ushio Inc. USH-250D, 40 
mJ/cm2), the substrate was washed with chloroform to remove soluble species. The film 
thickness was estimated using a contact stylus profiler (KLA Tencor P-15) to be 83, 66, and 
50 nm. Photocrosslinking of 1a on an ITO/polyethylene telephtalate film (Toyobo Co., Ltd., 
ITO film 300R) was carried out as well, and washed with acetonitrile to remove any soluble 
part of the polymer 1a. 
The radical polymer 1a/carbon fiber composite electrode via photocrosslinking was 
prepared as follows: An ethyl lactate/toluene solution of the radical polymer 1a (30 mg) and 
bisazide 3 (3 mg) was mixed with 60 mg of a graphite fiber (vapor grown carbon fiber: VGCF, 
Showa Denko Co.) and 10 mg of a binder powder (polyvinylidenefluoride resin: KF polymer, 
Kureha Chemical Co.) in the presence of a solvent. The resulting black clay was spread onto 
an aluminum plate and dried in vacuo. The photocrosslinking was carried out by UV 
irradiation (5 J/cm2).  
The crosslinked copolymer 1c/carbon composite electrode was prepared as follows: the 
crosslinked copolymer 1c (30 mg) and 60 mg of a graphite fiber were mixed with 10 mg of a 
binder polymer in the presence of a solvent. The resulting black clay was spread onto a 
aluminum plate and dried in vacuo. A SEM image of 1c/carbon composite electrode is shown 
in Figure 3.3. 
Characterization of the radical concentration. The radical concentration of each 
sample was determined on the basis of the assumption of being paramagnetic at room 
temperature by integration of the ESR signal standardized with that of the 
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2,2,6,6-tetramethylpiperidinyl-N-oxy (TEMPO) solution. The spin concentration was also 
analyzed by the slope of the Curie plots and the saturated magnetization in the SQUID 
measurement. These radical concentration values estimated by the two methods almost agreed 
with each other.  
Electrochemical measurements.  The electrochemical measurements were performed 
using a conventional cell under an atmosphere of dry argon. A normal potentiostat system 
(BAS Inc. ALS660B) was used for the cyclic voltammetry, chronopotentiometry and other 
electrochemical methods. A platinum disk, coiled platinum wire, and Ag/AgCl were used as 
the working, auxiliary, and reference electrode, respectively. Cyclic voltammogram of the 
polymer/carbon composite electrode was measured in an acetonitrile solution in the presence 
of 0.1 M tetrabutylammonium perchlorate as the supporting electrolyte. The formal potential 
of the ferrocene/ferrocenium redox couple was 0.45 V vs. Ag/AgCl reference electrode.  
Cell fabrication and Performance.  A coin cell was fabricated by stacking the 
polymer/carbon composite cathode with a separator film and lithium metal as the anode. 
Ethylene carbonate/diethyl carbonate (1/1) solution of LiPF6 (1 M) was used as the 
electrolyte. The cyclability performance of the fabricated cell was tested by repeated 
charge-discharge galvanostatic cycles at different current densities. The cutoff potentials were 
3.0 - 4.0 V vs. Li/Li+. 
General.  The 1H- and 13C-NMR spectra were recorded using a JEOL Lambda 500 or 
Bruker AVANCE 600 spectrometer, and mass spectra were recorded on a JMS-SX102A or 
Shimazu GCMS-QP5050 spectrometer. Gel permeation chromatography was performed with 
chloroform or THF using HLC-8220 instrument. The ESR spectra were taken using a JEOL 
JES-TE200 ESR spectrometer with a 100 kHz field modulation. The magnetization and 
magnetic susceptibility of the powder polymer sample were measured by a Quantum Design 
MPMS-7SQUID (superconducting quantum interference device) magnetometer. The 
magnetic susceptibility was measured from 10 to 300 K in a 1.0 T field. Scanning electron 
microscopy (SEM, Hitachi S2500CX) was used for observing the polymer/carbon fiber 
composite electrode. 
 
 
3.3  Synthesis of poly(TEMPO-substituted norbornene) 
 
The TEMPO-substituted norbornene monomer, 
2,3-bis(2’,2’,6’,6’-tetramethylpiperidinyl-N-oxyl-4’-oxycarbonyl)-5-norbornene 2,15 was 
prepared via the esterification of 5-norbornene-2,3-dicarboxylic anhydride. Ring-opening 
metathesis polymerization of the norbornene monomer 2 with the Grubbs second generation 
catalyst yielded the corresponding norbornene polymer 1a with high molecular weight (e.g., 
Mn = 1.3 × 104, Mw/Mn = 1.2). The radical density of 1a maintained unchanged even after the 
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polymerization; e.g., 1.95 and 1.98 radicals per monomer unit, estimated from the intensity of 
the ESR (electron spin resonance) signal and from SQUID (superconducting quantum 
interference device) measurement, respectively. The radical polymer 1a was chemically 
reduced to the corresponding hydroxyamine with phenylhydrazine and characterized by NMR 
spectroscopy, which revealed that the norbornene monomer was polymerized without any 
side reactions to yield 1a as represented in Scheme 3.2.† The obtained polymer 1a displayed 
good solubility in common organic solvents, such as chloroform, ethyl lactate, and also in 
typical battery electrolytes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.2  Synthesis of the TEMPO-substituted polynorbornenes 1a–c. 
 
 
3.4  Photocrosslinking of poly(TEMPO-substituted norbornene) 
 
A toluene / ethyl lactate solution of 1a and a small amount of the bis(azide) derivative 3, 
was spin-coated on an ITO glass substrate. UV irradiation (40 mJ cm-2) induced nitrene 
formation, which resulted in reaction with the olefinic moieties of the polynorbornene 
backbone to afford the crosslinked film (Figure 3.1). A patterned crosslinked film 1b was 
prepared using UV irradiation and a photo-mask, followed by washing with chloroform to 
remove the unreacted soluble part. The obtained film 1b was insoluble, but slightly swollen in 
organic solvents. The crosslinked part became slightly yellowish due to the azo-crosslinker. 
The contact stylus profile on the obtained film showed a flat (roughness < 4 nm) and uniform 
surface, with a thickness of 50–500 nm, after tuning the film formation conditions such as the 
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solution concentration. The SQUID measurement gave 1.97 radicals per monomer unit in the 
film 1b, which revealed that no side reactions on the TEMPO radical moiety occurred during 
the photocrosslinking. The use of photo-radical initiator or photo acid generator (10 mol%) 
also resulted in crosslinked polymer, however, the radical densities decreased significantly 
(1.2 and 0.9 radicals per monomer, respectively). A flexible radical film 1b on the 
ITO/polyethylene telephtalate (PET) substrate was prepared as well (Figure 3.1). Crosslinking 
copolymerization with a bifunctional monomer 4 also yielded the radical film 1c on an ITO 
glass substrate.16, ‡ 
 
 
 
 
 
 
 
 
 
Figure 3.1  The radical polymer thin film on an ITO glass and an ITO/PET substrate. 
 
 
3.5  Electron transfer process in the radical film 
 
The cyclic voltammogram of the film 1b on ITO displayed a reversible redox wave at 
0.84 V vs. Ag/AgCl (Figure 3.2a), which was assigned to the oxidation of the nitroxide to the 
corresponding oxoammonium cation. Electrolytic in situ ESR spectroscopy supported the 
ESR-silent oxoammonium formation under the applied potential at 1.1 V and nitroxide radical 
regeneration at 0.6 V. The redox couple (Figure 3.2a) produced a symmetric, narrow, 
peak-to-peak separation (ΔE = 26 mV) for the film with the thickness of 50–260 nm, which 
is a typical redox profile for a surface-confined species.17 In this film thickness range, the 
peak current is proportional to the sweep rate, suggesting a fast electron transfer process in the 
film. This surface-confined and rapid electron transfer process could lead to a high power rate 
capability of the battery fabricated with this cathode. Beyond the thickness of 260 nm, the 
redox behavior changed to a diffusion-controlled profile (Figure 3.2b). The number of 
electroactive sites in the film 1b was coulometrically estimated from the charge Q (mC) by 
integrating the current obtained at the slow potential scan rate of 1 mV s-1.17,18 The charge, Q 
was proportional to the film thickness in the range of 0–250 nm (Figure 3.2b), which 
indicated the quantitative electron transfer (94% of the loaded radical moiety in the film 
contributed to the redox process, calculated with Q and the loaded amount of 1b on the ITO 
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substrate). These results revealed the applicability of 1b cathode to a thin-film battery without 
any carbon current collector. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2  Cyclic voltammograms of the half-cell, the working electrode: 1b on the ITO 
glass substrate in 0.1 M acetonitrile solution of (C4H9)4NClO4 (a) for the film thickness: 50, 
65, 120, 210, and 260 nm, (b) for the film thickness: 260, 300, and 410 nm), the counter 
electrode: Pt wire, the reference electrode: Ag/AgCl, scan rate = 1 mV s-1. (c) Plots of the 
charge Q for the redox site of the loaded film 1b vs. the film thickness. 
 
 
3.6  Cell performance of poly(TEMPO-substituted norbornene) 
 
The cell performance was tested using a conventional-size battery. A radical 
polymer/carbon composite electrode was prepared by the photocrosslinking of 1a, in which 
the carbon nanofiber acted as a current collector. An ethyl lactate/toluene solution of 1a and 3 
was mixed with a carbon nanofiber, molded into the electrode, and photocrosslinked. An 
SEM image revealed that the carbon nanofiber was well-dispersed and uniformly coated with 
the radical polymer 1b with the polymer thickness of 200 nm (Figure 3.3). 
 
 
 
 
 
 
 
Figure 3.3 SEM images of the (a) 1b/carbon nanofiber and (b) 1c/carbon nanofiber composite 
electrode prepared by UV irradiation after the molding. 
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The half-cell was fabricated using this polymer/carbon composite electrode, Pt wire, and 
Ag/AgCl as the working, counter, and reference electrode, respectively. The charge-discharge 
curves of the half-cell exhibited a plateau voltage at 0.84 V vs. Ag/AgCl, and the specific 
capacity was 106 mAh g-1, which agreed well with the theoretical capacity (109 mAh g-1), 
calculated from the molecular weight of the radical moiety in the polymer 1a. Figure 3.4 also 
shows the charge-discharge curve at a higher current density. The capacity was even 
maintained at a current rate of 50 C, which enables a surprisingly rapid charging time (about 1 
min) and a high power rate performance of the cell.§ A test full-cell was also fabricated by 
stacking the radical polymer/carbon composite cathode with a separator film and lithium 
metal as the anode. The charge-discharge curves for the fabricated cell displayed a plateau 
voltage at 3.60 V (vs. Li/Li+), corresponding to the redox potential (0.84 V vs. Ag/AgCl) for 
1b in Fig. 2a, which revealed that 1b served as a cathode-active material. The cycle 
performance during charging and discharging at the cut-off voltages of 3.0 and 4.2 V, 
respectively, displayed no significant deterioration in the capacity up to 1000 cycles. This 
significantly stable cyclability could be ascribed to the simple one-electron transfer of the 
nitroxide radical and amorphous electrode structure. 
 
 
 
 
 
 
 
 
 
 
Figure 3.4  Charge-discharge curves of the half-cell of polymer 1b/carbon composite 
cathode, the counter electrode: Pt wire, the reference electrode: Ag/AgCl, in 0.1 M 
acetonitrile solution of (C4H9)4NClO4; Inset: cycle performance of the cell fabricated with 
polymer 1b/carbon cathode and Li anode. 
 
In summary, a photocrosslinked TEMPO-substituted polynorbornene 1a was obtained 
using a bis(azide) crosslinker, which was carefully designed to eliminate side reactions on the 
nitroxide moiety. The obtained radical film exhibited a rapid and reversible redox and served 
as a cathode-active material. This approach facilitated battery manufacture via a wet, printable, 
and rollable process, leading to an organic-based, flexible paper battery, 
or a battery-on-chip in the not-too-distant future.  
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Notes and references 
† There have been several reports that the ring opening metathesis polymerization proceeds 
even in the presence of propagating radical species with a Ru-based tandem catalyst (C. W. 
Bielowski et al. J. Am. Chem. Soc. 2000, 122, 12872.), however, there is no report for the 
ring-opening metathesis polymerization of a radical containing monomer.  
‡ For characterization, the norbornene monomer 2 and 10 mol% bifunctional monomer, 
1,4-di(norborn-2-en-5-yl)benzene 3 were copolymerized by a Grubbs catalyst to yield the 
crosslinked polymer 1c (Scheme 3.2). The SEM image of the 1c/carbon composite electrode 
indicated a poor dispersivity in comparison to the 1b/carbon composite electrode. 
§ The 1 C rate is defined as the current density at which the charging or discharging of the 
cell takes 1 h. 
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4.1  Introduction 
 
Nitroxide radicals, such as 2,2,6,6-tetramethylpiperidinyl-N-oxy (TEMPO), are 
known to be very stable, based on both the sterically protected structure around the radical 
center and the resonance effect involving the center.1 The nitroxide radicals can often be 
reversibly oxidized into the corresponding oxoammonium cations both chemically and 
electrochemically, and reduced into the corresponding aminoxy anions, as shown in Scheme 
4.1. 
Scheme 4.1.  Redox couple of a nitroxide radical. 
 
The Oxoammonium salt, the oxidative form of TEMPO, is known to oxidize alcohols 
into aldehydes and ketones.2 These nitroxide radicals have been extended to their polymeric 
radical molecules as heterogeneous catalytic reagents for the oxidation of alcohols.3,4 In 
addition to such chemical applications, we have recently reported the application of such 
nitroxide polymers as an electrode-active material. Poly(2,2,6,6-tetramethylpiperidinyloxy 
methacrylate) (PTMA) displayed a quantitatively reversible redox behavior, and has been 
successfully applied as a cathode-active material in a rechargeable lithium battery.5,6 This 
nitroxide polymer electrode is expected to have a high capacity due to the localized small 
redox site compared with the π-conjugated conducting polymer electrodes, such as doped 
polypyrrole and polythiophene. In view of a further improvement of the specific capacity, 
poly(4-(N-t-butyl-N-oxylamino)styrene) is designed as an electrode-active material with a 
higher capacity, since the molecular weight per nitroxide redox site of the 
poly(4-(N-t-butyl-N-oxylamino)styrene) (i.e., the unit molecular weight) is lower than that 
of poly(2,2,6,6-tetramethylpiperidinyloxy methacrylate) (Fw = 190 and 242, for the former 
and the latter, respectively) (See chapter 5 in detail). In addition to the high capacity, a high 
power-rate performance is also expected for an organic radical battery, because the redox 
process of nitroxide radicals does not contain any bond-formation and -breaking, and hence 
the process is expected to be very rapid. In this chapter, we focus on and describe the 
electrode kinetics of nitroxide radical in both solution and polymer matrix, to elucidate the 
source of high power rate performance of the battery.  
In section 4.3, we focus on the electrode kinetics of nitroxide radicals, 
4-(N-t-butyl-N-oxylamino)-t-butylbenzene (1) and 
4-(N-t-butyl-N-oxylamino)-methoxybenzene (2) (Chart 4.1) in solution, with a view to 
prognose the redox property of poly(4-(N-t-butyl-N-oxylamino)styrene). Their high rates of 
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heterogeneous electron transfers are ensured by various electrochemical methods, such as 
cyclic voltammetry (CV), chronoamperometry (CA), and an AC technique.7 The redox 
property of the reference material, 2,2,6,6-tetramethylpiperidinyl-N-oxy (TEMPO), was 
also characterized by the same analytical methods and discussed in comparison with 
previous data.8,9 
In section 4.4, we prepared the electrode modified with PTMA and developed the 
electrode kinetics of nitroxide radical confined in the polymer matrix by electrochemical 
methods, such as CV, CA, chronocoulometry (CC), and normal pulse voltammetry (NPV). 
 
 
 
 
 
 
Figure 4.1. TEMPO, nitroxylbenzenes, and poly(TEMPO-methacrylate). 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2  Electrode transfer process of nitroxide radical in both solution and polymer 
matrix. 
 
 
4.2  Experimental section 
 
Materials.  2,2,6,6-Tetramethylpiperidine-1-oxy (TEMPO) was purchased from Kanto 
Chemical Co. and used without further purification. The precursors of the p-substituted aryl 
nitroxides 1 and 2 were prepared by the lithiation of p-substituted bromobenzene, followed 
by a reaction with 2-methyl-2-nitrosopropane.10 The obtained hydroxylamine derivatives 
were oxidized with silver(I) oxide in the presence of potassium carbonate. After oxidation, 
silver(I) oxide was filtered from the reaction mixture. After purification by silica-gel 
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column chromatography, the corresponding nitroxides, 1 and 2, were obtained as an orange 
powder and red oil, respectively. Poly(2,2,6,6-tetramethylpiperidinyloxy methacrylate) 
(PTMA) was synthesized in reference to our previous reports. Methanol-soluble, but 
acetonitrile-insoluble part of PTMA was extracted and used for preparing a modified 
electrode. 
Preparation of chemically modified electrode.  4 µL of 3.0 mM methanol solution of 
PTMA was dropped on a platinum disk electrode (diameter = 0.15 mm) and dried in vacuo.  
Electrochemical measurements.  Electrochemical measurements were performed using a 
conventional cell under an atmosphere of dry argon. A platinum disk, coiled platinum wire, 
and Ag/AgCl were used as the working, auxiliary, and reference electrodes, respectively. A 
normal potentiostat system (ALS660B) was used for cyclic voltammetry, potential step and 
ac techniques. All of the electrochemical measurements were carried out in 1.0 mM 
acetonitrile in the presence of 0.1 M (n-C4H9)4NBF4 or (n-C4H9)4NClO4 as the supporting 
electrolyte. The formal potential of the ferrocene/ferrocenium redox couple was 0.44 V vs. 
this reference electrode. 
 
 
4.3  Electron transfer process of the nitroxide radical in bulk solution 
 
Cyclic voltammograms of 1 at different scan rates are shown in Fig. 4.3, which reveal 
the reversible response at (Epa + Epc)/2 = 0.75 V vs. Ag/AgCl. The potentials for 2 and 
TEMPO were 0.56 V and 0.68 V, respectively. The peak separation widths (Epa – Epc) were 
approximately 60 mV at low rates, which increased at the higher scan rates. The 
heterogeneous electron-transfer rate constant (k0) was estimated using the Nicholson 
method.7 The diffusion coefficient (D) was also calculated from the slope of the linear 
region between the anodic peak current and the square root of the sweep rate; the D values 
were in good agreement with those estimated from the magnitude of the diffusion-limited 
current at a rotating disc electrode (RDE). The k0 and D values are given in Table 4.1. The 
data for TEMPO were in agreement with those in previous reports.8,9 
 
 
 
 
 
 
 
 
 
Table 4.1.  Standard rate constants and  diffusion coefficients for nitroxide derivatives.
Method
k0 (cm/s) D  (cm
2
/s) k0 (cm/s) D  (cm
2
/s) k0 (cm/s) D  (cm
2
/s)
CV 1.1 x 10
-1
1.6 x 10
-5
1.7 x 10
-1
1.3 x 10
-5
1.0 x 10
-1
2.6 x 10
-5
RDE
a
- 1.5 x 10
-5
- 9.9 x 10
-6
- 2.2 x 10
-5
CA
b
3.8 x 10
-2
4.8 x 10
-5
3.2 x 10
-2
3.5 x 10
-5
2.3 x 10
-2
3.2 x 10
-5
AC (cot!)c 1.3 x 10-1 2.6 x 10-5 7.9 x 10-2 1.9 x 10-5 6.4 x 10-1 2.7 x 10-5
a) measured with a rotating disk electrode.
b) chronoamperometry.  c) alternating current voltammetry
1 2 TEMPO
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Figure 4.3  Cyclic voltammogram of N-t-butyl-N-oxylaminobenznene 1 in 1.0 mM 
acetonitrile solution with 0.1 M (C4H9)4NBF4 as electrolyte. 
 
Added evidence for the rapid electrode kinetics of 1 and 2 is provided from various 
electrochemical measurements on short time scales. In chronoamperometry, the kinetic 
parameters can be evaluated from the current decays after potential steps (Fig.4.4).11 The 
diffusion coefficient (D) can also be determined from the Cottrell equation. Assuming that 
this redox process is a quasi-reversible process, the forward rate constant (kf) was calculated 
from the intercept of the current decay, and it was transformed into the standard rate 
constant (k0). A chronoamperometric analysis tends to underestimate k0, but the obtained 
values were comparable with those evaluated by CV (Table 4.1). 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4.  Current decay of 1 after application of potential steps (0.5, 0.7, 0.75 and 1.2 V 
in ascending order). Inset: Cottrell plot (E = 1.2 V). 
 
An AC technique7, 12 was used to more accurately determine the kinetic parameters. 
The AC technique is a strong method for the analysis of rapid electrode reactions. From an 
AC impedance measurement, the relationship between the mean potential (Edc) and cotφ (φ 
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= the phase angle) was obtained as shown in Fig. 4.5a. Cotφ has its maximum value at 
[Edc]max, where [cotφ]max = 1 + (2ωD)1/2/[k0{α/(1–α)}-α + {α/(1–α)}(1-α)] and [Edc]max = E1/2 
+ (RT/nF)ln[α/(1–α)].11 The transfer coefficient (α was calculated from the latter equation. 
The rate constant (k0) was obtained from the slope of the [cotφ]max – ω1/2 plots (Fig. 4.5b). 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5.  (a) The dependence of cotφ on Edc (b) Frequency dependence of cotφ for 1 
at the maximum of Edc ([Edc]max = 0.744 V). 
 
  The standard rate constant (k0) of 1, 2 and TEMPO determined by the three techniques 
are given in Table 1. The rate constants of the nitroxide derivatives were approximately 10-1 
cm/s, which demonstrates that the electron-transfer processes are sufficiently fast, and that 
these radicals can potentially be used as high power-rate electrode-active materials. The 
electrochemical property of poly(4-(N-t-butyl-N-oxylamino)styrene) and its 
charge-discharge performance in a radical battery will be discussed in chapter 5. 
 
 
4.4  Electron transfer process of the nitroxide moiety within the polymer matrix 
 
A dilute methanol solution of poly(2,2,6,6-tetramethylpiperidinyloxyl methacrylate) 
(PTMA) was dropped on a platinum disc electrode to prepare the chemically modified 
electrode. A radical thin film was also prepared on Si substrate as well, and the film 
thickness was estimated to be 1.5–2 µm from the contact stylus profile and 2 µm from the 
cross section of SEM image, respectively (Figure 4.6). The cyclic voltammogram of the 
film displayed a reversible redox wave at 0.79 V vs. Ag/AgCl (Figure 4.7), and produced a 
symmetric, narrow, peak-to-peak separation (ΔE = 31 mV at scan rate of 25 mV/s), which is 
a typical redox profile for a surface–confined species.  
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Figure 4.6  A cross sectional SEM image of a PTMA-modified Si substrate. 
 
 
 
 
 
 
 
 
 
 
Figure 4.7  Cyclic voltammogram of PTMA-modified platinum electrode in 0.1 M 
acetonitrile solution of (C4H9)4NBF4 at scan rate of 25, 50, 100, 200 mV/s. 
 
The chronoamperometric and chronocoulometric measurements of the radical film 
were performed in a short time scale (250 ms), and the apparent diffusion coefficient (Dapp) 
for the redox within the polymer matrix was estimated with the following equations:7 
 
 Eq. 4.1 (Cottrell plot) 
 
 Eq. 4.2 (Anson plot) 
 
where n is the number of electrons involved in the heterogeneous electron-transfer reaction, 
F is the Faraday constant, A is the electrode area, and C is the volume concentration of the 
reactant confined in the polymeric coating. 
From the slopes of Cottrell plot and Anson plot (Figure 4.8), Dapp was calculated to be 
2.2 × 10-8 and 1.8 × 10-8 (cm2·s-1), respectively. 
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Figure 4.8.  (a) Cottrell plot and (b) Anson plot of PTMA-modified electrode. 
 
The half wave potential of the normal pulse voltammograms for the PTMA-modified 
electrode shifted to more negative values with increasing sampling times (Figure 4.9a). 
Plots of the anodic limiting currents (id) of these normal pulse voltammograms against the 
inverse square root of the sampling time (τ) were found to be linear, as expected for the 
diffusion-controlled limiting current. Thus, the value of Dapp for the process of the charge 
transport within the polymer can be obtained to be 3.6 × 10-8 (cm2·s-1) from the slopes of id 
vs. τ-1/2 plots (Figure 4.9b) by using the NPV–Cottrell equation:7,13 
 
 Eq. 4.3 (NPV–Cottrell plot) 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9  (a) Normal pulse voltammograms (NPV), (b) NPV–Cottrell plot, and (c) 
modified log plot of NPV for the oxidation of PTMA-modified electrode. 
 
The current–potential relationship for normal pulse voltammograms for the simple 
electrode process, Red ↔ Ox + ne-, has already been derived and is given for the oxidation 
by 
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 (Eq. 4.4) 
 
where E is the electrode potential, Er1/2 is the reversible half-wave potential, α is the anodic 
transfer coefficient, ks is the standard rate constant, τ is the sampling time, R is the gas 
constant, T is the absolute temperature, ζ is a dimensionless parameter expressed as 
(nF/RT)(E - Er1/2), D is the diffusion coefficient expressed as (Dapp(for anodic 
process))α(Dapp(cathodic process))1-α ≈ Dapp, x is the ratio of the current, i, at potential, E, to 
the limiting diffusion current id, expressed by the Cottrell equation. Figure 4.10 shows 
typical modified log plots of normal pulse voltammograms in which the logarithm of the 
third term on the right-hand side of Eq. 4.4 is plotted against E. These plots gave straight 
lines the slopes of which were constant at the different sampling times. Thus, as can be 
expected from Eq. 4.4, the slope of the straight lines shown in Figure 4.10 and the 
intersection of these lines with the zero line, which are equal to αnF/RT and Er1/2 – 
(RT/αnF)ln{(4/31/2)(ksτ1/2/Dapp1/2)}, respectively, which give α and ks to be 0.34 and 4.3 × 
10-4 (cm·s-1), respectively. 
The obtained values of Dapp using three different electrochemical methods (CA, CC, 
and NPV) were on the order of 10-8 (cm2/s), and independent on the counterion size (e.g. 
Dapp = 2.0 × 10-8 (cm·s-1) was obtained when using (C4H9)4NPF6 as the electrolyte), which 
may be assumed to the counterion migration without desolvation. The Dapp of PTMA was 
high and comparable to that for the redox of [Fe(CN)6]4- in the polyelectrolyte.14 Such high 
values of Dapp for the redox of PTMA-modified electrode contributed to the rapid electron 
transfer process within a polymer matrix, leading to the high power rate performance of the 
organic radical battery. 
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5.1  Introduction 
 
Redox-active organic polymers have been widely used as anti-oxidants and photo-
stabilizers for commodity plastics as well as oxidizing agents for organic synthesis, due to 
their rapid and reversible oxidation and reduction processes.1-9 Accompanied with the 
electron transfer in the redox processes, ionic-mass transport also results in potential 
applications in sensors, actuators, and drug delivery systems.10-15 Among the unique features 
of these polymers, charge-storage within the redox-active organic polymer based on its 
reversible redox reaction is one of the most promising capabilities, leading to new 
electrode-active materials for application in rechargeable batteries.8,9 Organic-based, 
electrode-active materials inherently possess several advantages: lightweight, tunable redox 
property, mechanical flexibility, and processing compatibility. Since the discovery of doped 
polyacetylene, intrinsically conducting polymers (polyacetylene, polyaniline, polypyrrole, 
and polythiophene) and redox-active compounds bearing disulfide derivatives have been 
proposed and investigated as potential alternatives to inorganic-based electrode-active 
materials.16-19 However, these previously studied organic-based battery materials suffer from 
limitations in terms of the low degree of doping, slow electrochemical processes, and 
fluctuating voltage. Thus, there are almost no reports on organic-derived electrode-active 
materials in practical use.  
Prompted by the remarkable development of portable electronic devices, high energy- 
and power-densities are required for rechargeable batteries such as the lithium-ion 
battery.20,21 While metal- or metal oxide-based materials such as LiCoO2, LiMnO2 and V2O5 
are widely exploited as electrode-active materials, they are problematic due to the toxicity 
of heavy metals and the limitation of natural metal resources. Alternately, organic-derived 
electrode-active materials are environmentally benign and produced from readily available 
resources. 
Recently, we have explored the use of organic radical species,22-26 particularly pendant 
nitroxide functional radical polymers, as cathode-active, charge-storage materials for 
secondary Li-ion batteries.27-31 Earlier work on radical polymers in our laboratories focused 
on poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA).24,25 This polymer 
contains 2,2,6,6-tetramethylpiperidinyl-N-oxy (TEMPO) which is chemically robust, as 
well as rapidly, reversibly, and nearly stoichiometrically oxidized to the corresponding 
oxoammonium cation or p-type doped state via chemical or electrochemical oxidation 
(Scheme 5.1).32,33 We have described the characteristics of organic radical polymer batteries 
composed of the nitroxide radical polymer cathode as follows:27 (1) high charge/discharge 
capacity (ca. 100 mAh/g), ascribed to the stoichiometric redox of the nitroxide radical or the 
quantitative doping of the polymer, in contrast to the limited doping level of π-conjugated 
conducting polymers, (2) high-charging and discharging rate performance resulting from 
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the rapid electron-transfer processes of the nitroxide radical,34 and (3) long cycle-life, often 
exceeding 1000 cycles, derived from the chemical stability of the nitroxide radical and from 
the amorphous electrode structure. Based on these characteristics, our radical polymer 
battery has attracted much attention as a high power-density and environmental-benign 
secondary battery for a next generation energy-storage device. 
 
Scheme 5.1.  Redox couples of a nitroxide derivative. 
 
One of the current challenges for developing organic radical batteries is the 
enhancement of the charge capacity or energy density. For example, the theoretical charge 
capacity of PTMA as the cathode-active material is 111 mAh/g, which is about two-thirds 
of the charge capacity of metal oxide-based cathode materials (150−170 mAh/g) in 
conventional Li-ion batteries.20 To address this issue, we present, for the first time, poly[4-
(N-t-butyl-N-oxylamino)styrene] 1 and poly[3,5-di(N-t-butyl-N-oxylamino)styrene] 2, as p-
type cathode-active nitroxide radical polymers with a compact molecular structure, and a 
low molecular weight per active nitroxide site which results in a high charge capacity. We 
have selected the polystyrene backbone as the carrier of the radical moiety, due to the ease 
of modification to introduce the radical moiety on the phenyl ring, as well as improved 
solubility in common solvents.  In comparison to PTMA, the theoretical capacities of 1 and 
2 are 141 and 194 mAh/g, respectively, which corresponds to a 26 and 74%-enhancement 
over that of PTMA (111 mAh/g). Poly(nitroxylstyrene) 2 bearing two nitroxide groups on 
the monomer unit holds the highest capacity among the previously synthesized and 
proposed radical polymers.27-29 
Another challenge for organic radical batteries is the development of an n-type redox 
polymer. An n-type radical polymer, would serve as an anode-active material, promising an 
all-organic battery. Such an all-organic battery comprising both p-type and n-type polymers 
bearing nitroxide groups, is illustrated in Figure 5.1. During the charging process, the p-type 
nitroxide radical polymer in the cathode is oxidized to the oxoammonium cation form and 
the n-type polymer in the anode is reduced to the aminoxy anion form. During the 
discharging process, the nitroxide radicals are regenerated through the reduction of the 
oxoammonium cation and via oxidation of the aminoxy anion in the cathode and anode, 
respectively. Due to the dependence of the radical redox potentials on substituents 
electronic effects, we envision the tunability of nitroxide radical polymers from p-type to n-
O
N
O
N
O
N
-e- -e-
+e-+e-
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(n-type doped state)
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type behavior.  In this chapter, we described the synthesis of an n-type nitroxide radical 
polymer 3, which possesses an electron-withdrawing trifluoromethyl (CF3) group. 
Along with the aforementioned molecular design of electrode-active radical polymers, 
this paper describes the synthesis of three poly(nitroxylstyrene)s and the mechanism of p- 
and n-type redox activity of the polymers using their monomeric analogues 4. Issues in 
testing the all-radical polymer-based batteries are also discussed. 
 
 
 
 
 
 
 
Figure 5.1.  Schematic diagram of an all-organic-based radical battery. 
  
 
 
 
 
 
 
 
Chart 5.1 
 
5.2  Experimental Section 
 
Materials. 4-(N-t-Butyl-N-oxylamino)anisole 4a,35,36 4-(N-t-butyl-N-oxylamino)-t-
butylbenzene 4b, 35,36 4-(N-t-butyl-N-oxylamino)benzene 4c, 35,36 4-[N-t-butyl-N-(t-
butyldimethylsilyloxy)amino]bromobenzene 5,37,38 3,5-bis[N-t-butyl-N-(t-
butyldimethylsilyloxy)amino]bromobenzene 8,39 5-bromo-2-iodo-benzotrifluoride 1240 were 
prepared according to the literature. 
4-[(N-t-Butyl-N-t-butyldimethylsilyloxy)amino]styrene (6). To a toluene solution 
(76 ml) of 4-[N-t-butyl-N-(t-butyldimethylsilyloxy)amino]bromobenzene 5 (5.0 g, 14.0 
mmol), were added tetrakis(triphenylphosphine)palladium(0) (464 mg, 145 µmol), 2,6-di-t-
butyl-4-methylphenol (16 mg), and tri-n-butyl(vinyl)tin (5.4 g, 6.7 mmol), and the mixture 
was stirred at 100°C for 15 h. The reaction mixture was extracted with ether, washed with 
water, and dried over anhydrous sodium sulfate.  The crude product was purified by flash 
column chromatography with hexane as an eluent to afford a colorless oil (2.9 g, Yield 
N
O
n
1
n
N N
O O
2
N
O
n
CF3
3
N
O
R
CF3
4a: R = OCH3
4b: R = t-Bu
4c: R = H
4d: R = CF3
3.16 ! 1021
141
4.36 ! 1021
194
2.33 ! 1021
103
radical density 
(unpaired electron/g)
theoretical capacity
 (mAh/g)
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68%): 1H NMR (CDCl3, 500 MHz; ppm) δ 7.27 (d, J = 8.5 Hz, 2H, Ph), 7.18 (d, J = 7.6 Hz, 
2H, Ph), 6.68 (dd, J = 18, 11 Hz, 1H, vinyl), 5.68 (d, J = 18 Hz, 1H, vinyl), 5.17 (d, J = 11 
Hz, 1H, vinyl), 1.09 (s, 9H, N-t-Bu), 0.90 (s, 9H, t-Bu), –0.13 (br, 6H, SiCH3); 13C NMR 
(CDCl3, 125 MHz; ppm) δ 150.9, 136.6, 133.9, 125.19, 125.12, 112.5, 61.0, 26.15, 26.13, 
17.9, –4.7; Mass (FAB) m/z 305 [M+], 305.5 (calcd). Anal. Calcd for C18H31NOSi: C, 70.8; 
H, 10.2; N, 4.6. Found: C, 70.8; H, 10.5; N, 4.6. 
3,5-Di[(N-t-butyl-N-t-butyldimethlsilyloxy)amino]styrene (9). The styrenic 
monomer 9 was synthesized in the similar manner as 6. Yield 75%; 1H NMR (CDCl3, 500 
MHz; ppm) δ 7.11 (bs, 2H, Ph), 6.97 (bs, 1H, Ph), 6.65 (dd, J = 18, 11 Hz, 1H, vinyl), 5.66 
(d, J = 18 Hz, 1H, vinyl), 5.17 (d, J = 11 Hz, 1H, vinyl) 1.08 (s, 18H, N-t-Bu), 0.90 (s, 18H, 
t-Bu), –0.10 (br, 12H, SiCH3); 13C NMR (CDCl3, 125 MHz; ppm) δ 150.5, 137.5, 135.6, 
122.2, 119.8, 112.9, 61.1, 26.3, 26.2, 17.9, –4.5; Mass (FAB) m/z 506 [M+], 506.9 (calcd). 
Anal. Calcd for C28H54N2O2Si2: C, 66.3; H, 10.7; N, 5.5. Found: C, 66.2; H, 10.8; N, 5.4. 
5-Bromo-2-[(N-t-butyl-N-t-butyldimethylsilyloxy)amino]benzotrifluoride (13).  A 
pentane solution (1.60 M, 43 ml) of n-butyllithium (69 mmol) was slowly added to 5-
bromo-2-iodo-benezotrifluoride 12 (22 g, 63 mmol) in 112 ml of ether at –78°C. After 
being warmed at room temperature, 2-methyl-2-nitrosopropane (6.6 g, 76 mmol, 1.21 eq) in 
70 ml of ether was added at –78°C and stirred for 12 h at room temperature. The solution 
was first washed with aqueous ammonium chloride and then with water. The ether layer 
was dried over anhydrous sodium sulfate. After evaporation, the crude product was 
protected with silyl group without purification. The crude product (20 g, 63 mmol), t-
butyldimethylsilyl chloride (24 g, 158 mmol, 2.5 eq), and imidazole (11 g, 158 mmol, 2.5 
eq) were dissolved in 62 ml of DMF and stirred for 12 h at 60°C. The reaction mixture was 
extracted with ether and then washed with water. The ether layer was dried over anhydrous 
sodium sulfate. After evaporation, the crude product was purified by column 
chromatography on silica gel (hexane) to afford a colorless oil (1.4 g, Yield 5.2 %): 1H 
NMR (CDCl3, 500 MHz; ppm) δ 7.68 (d, J = 9.1 Hz, 1H, Ph), 7.67 (s, 1H, Ph), 7.58 (d, J = 
8.9 Hz, 1H, Ph), 1.09 (s, 9H, N-t-Bu), 0.89 (s, 9H, t-Bu), 0.20 (s, 3H, SiCH3), –0.42 (s, 3H, 
SiCH3); 13C NMR (CDCl3, 125 MHz; ppm) δ 149.0, 134.3, 129.6 (q, 5 Hz), 129.55, 127.9 (q, 
30 Hz), 123.1 (q, 274 Hz), 119.1, 62.3, 26.0, 25.7, 18.0, –5.1, –5.2; Mass (FAB) m/z 
425[(M-1)+], 427[(M+1)+], 426.4 (calcd). Anal. Calcd for C17H27BrF3NOSi: C, 47.9; H, 6.4; 
N, 3.3. Found: C, 48.3; H, 6.3; N, 3.1. IR 
4-[(N-t-Butyl-N-t-butyldimethylsilyloxy)amino]-3-trifluoromethylstyrene (14). The 
styrene monomer 14 was synthesized in the similar manner as 6. Yield 31%; 1H NMR 
(CDCl3, 600 MHz; ppm) δ 7.74 (d, J = 9.1Hz, 1H, Ph), 7.53 (s, 1H, Ph), 7.52 (d, J = 8.9Hz, 
1H, Ph), 6.69 (dd, J = 18, 11 Hz, 1H, vinyl), 5.77 (d, J = 18 Hz, 1H, vinyl), 5.31 (d, J = 11 
Hz, 1H, vinyl) 1.10 (s, 9H, N-t-Bu), 0.89 (s, 9H, t-Bu), 0.20 (s, 3H, SiCH3), –0.43 (s, 3H, 
SiCH3); 13C NMR (CDCl3, 150 MHz; ppm) δ 149.4, 135.5, 129.8 (q, 5 Hz), 128.6, 128.1, 
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126.6 (q, 29 Hz), 124.8 (q, 5 Hz), 124.2 (q, 273 Hz), 115.2, 62.5, 26.2, 25.9, 18.2, –4.95, –
4.98; Mass (FAB) m/z 373 [M+], 373.5 (calcd). Anal. Calcd for C19H30F3NOSi: C, 61.1; H, 
8.1; N, 3.8. Found: C, 61.4; H, 8.3; N, 3.9. 
Poly[4-{(N-t-butyl-N-t-butyldimethylsilyloxy)amino}styrene] (7). To a benzene 
solution (1.0 ml) of the monomer 6 (1.1 g) was added azobisisobutyronitrile (AIBN, 2.8 
mg), and the mixture was stirred for 15 h at 75°C. The solution was poured into methanol 
and the precipitate was purified by reprecipitation from THF to methanol to yield the 
corresponding polymer as a white powder. Yield 81%; Mn = 21,400, Mw/Mn = 1.58; 1H 
NMR (CDCl3, 500 MHz; ppm) δ 6.84 (br, 2H, Ph), 6.26 (br, 2H, Ph), 1.78 (br, 1H, CHCH2), 
1.29 (br, 2H, CHCH2), 1.02 (s, 9H, N-t-Bu), 0.88 (s, 9H, t-Bu), –0.14 (br, 6H, SiCH3); 13C 
NMR (CDCl3, 125 MHz; ppm) δ 148.2, 141.0, 126.4, 124.4, 60.5, 45.0, 39.7, 26.2 (-
C(CH3)3, 2C), 17.9, –4.6; Anal. Calcd for C18H31NOSi: C, 70.8; H, 10.2; N, 4.6. Found: C, 
70.7; H, 10.2; N, 4.5. 
Poly[3,5-di{(N-t-butyl-N-t-butyldimethylsilyloxy)amino}styrene] (10). Radical 
polymerization of 9 was carried out as well as that of 6. Yield 35%; Mn = 2,100, Mw/Mn = 
1.2. Anionic polymerization of 9 was performed as follows: The monomer 9 (0.48 g) was 
degassed and dissolved in the freshly distilled THF (1.0 ml) under argon. A heptane 
solution (0.97 M, 48 µl) of dibutylmagnesium (48 µmol) was added to the solution and 
stirred for 0.5 h at room temperature. A cyclohexane solution (0.97 M, 100 µl) of s-
butyllithium (96 µmol) was added to the mixture at –78°C, and the solution was stirred for 3 
h. The color of reaction mixture turned reddish. The polymerization was terminated by 
adding methanol to the solution, and poured into methanol. The polymer was purified by 
reprecipitation from THF into methanol to yield a white powder. Yield 47%; Mn = 2,500, 
Mw/Mn = 1.1; 1H NMR (CDCl3, 500 MHz; ppm) δ 6.89 (br, 3H), 2.45-1.60 (br, 3H), 1.05, 
0.90 (br, 36H), 0.10, –0.19 (br, 12H); 13C NMR (CDCl3, 125 MHz; ppm) δ 149.7, 141.7, 
127.0, 125.0, 60.9, 48.6-42.9, 40.2, 29.6, 26.5, 18.3, –4.35; Anal. Calcd for C28H54N2O2Si2: 
C, 66.3; H, 10.7; N, 5.5. Found: C, 66.6; H, 10.4; N, 5.6. 
Poly[3,5-di{(N-t-butyl-N-t-butyldimethylsilyloxy)amino}styrene-co-acrylonitrile] 
(11). To a toluene solution (1.0 ml) of the monomer 9 (0.62 g), distilled acrylonitrile (80 µl) 
and AIBN (10 mg) were added, and degassed for several times. The mixture was stirred for 
3 h at 100°C. The solution was poured into methanol and the polymer was purified by 
reprecipitation from THF into methanol to yield the corresponding polymer as a white 
powder. Yield 76%; Mn = 23,600, Mw/Mn = 1.54; 1H-NMR(CDCl3, 500MHz, ppm): δ = 6.94 
(bs, 2H, Ph), 6.51(bs, 1H, Ph), 2.56 (s, 0.3H, CHCN), 1.3 (b, 3H, CH2CH), 1.02 (s, 18H, N-
t-Bu), 0.87 (s, 18H, t-Bu), 0.05 (s, 6H, Si-CH3), –0.33 (b, 6H, Si-CH3); 13C-NMR(CDCl3, 
125MHz, ppm): δ = 151.5, 124.6, 121.8, 121.0, 61.5, 41.3, 26.6, 23.9, 18.3, 14.6, 0.41, –
3.84; IR (cm-1): 2957, 2929 (ν Ph-H), 2857 (ν methyl C-H), 2238 (ν C≡N), 1443 (ν C=C), 
1359 (ν t-Bu C-H), 1247 (ν Si-CH3); Anal. Found: C, 65.9; H, 10.4; N, 6.8%.  
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Poly[4-{(N-t-butyl-N-t-butyldimethylsilyloxy)amino}-3-trifluoromethylstyrene] 
(15). The monomer 14 was polymerized in a similar manner as monomer 6.  Yield 62%; Mn 
= 35,900, Mw/Mn = 1.35; 1H NMR (CDCl3, 500 MHz; ppm) δ 7.49 (br, 1H, Ph), 6.70 (br, 2H, 
Ph), 1.90 (br, 1H, CHCH2), 1.37 (br, 2H, CHCH2), 1.10 (s, 9H, N-t-Bu), 0.86 (s, 9H, t-Bu), 
0.15 (s, 3H, SiCH3), –0.50 (s, 3H, SiCH3); 13C NMR (CDCl3, 125 MHz; ppm) δ 148.0, 
141.7, 127.9, 126.2, 124.8, 122.6, 120.5, 62.0, 40.0, 29.7, 25.9, 25.7, 17.9, –5.31; IR (cm-1): 
2957, 2930 (ν Ph-H), 2858 (ν methyl C-H), 1472 (ν C=C), 1360 (ν t-Bu C-H), 1250 (ν Si-
CH3); Anal. Calcd for C19H30F3NOSi: C, 61.1; H, 8.1; N, 3.8. Found: C, 61.3; H, 8.2; N, 3.7. 
Poly[4-(N-t-butyl-N-oxylamino)styrene] (1). To a THF solution (60 ml) of the 
precursor polymer 7 (140 mg) was added tetrabutylammonium fluoride (0.34 g) and the 
mixture was stirred for 3 h at room temperature. Then, silver oxide (0.3 g) was added to the 
solution and the mixture was vigorously stirred for 12 h at room temperature. The oxidizing 
agent was removed by filtration and the filtrate was poured into methanol to yield the 
radical polymer 1 as an orange powder. Yield: 54%; IR (cm-1): 2971, 2930 (ν Ph-H), 2857 
(ν methyl C-H), 1360 (ν t-Bu C-H); Anal. Calcd for C12H16NO: C, 75.8; H, 8.5; N, 7.4. 
Found: C, 75.5; H, 8.6; N, 7.2. 
Poly[3,5-di(N-t-butyl-N-oxylamino)styrene] (2a). Yield 68%; IR (cm-1): 2964 (ν Ph-
H), 1362 (ν t-Bu C-H); Anal. Calcd for C16H24N2O2: C, 69.5; H, 8.8; N, 10.1. Found: C, 
69.8; H, 8.6; N, 10.2. 
Poly[3,5-di(N-t-butyl-N-oxylamino)styrene-co-acrylonitrile] (2b). Yield 75%; IR 
(cm-1): 2962 (ν Ph-H), 2236 (ν C≡N), 1362 (ν t-Bu C-H); Anal. Found: C, 75.5; H, 8.6; N, 
7.2. 
Poly[4-(N-t-butyl-N-oxylamino)-3-trifluoromethylstyrene] (3). Yield 53%; IR (cm-
1): 2964 (ν Ph-H), 1362 (ν t-Bu C-H); Anal. Calcd for C13H15F3NO: C, 60.5; H, 5.9; N, 5.4. 
Found: C, 60.8; H, 6.1; N, 5.5. 
4-(N-t-Butyl-N-oxylamino)-benzotrifluoride (4d). A hexane solution (1.44 M, 69.0 
ml) of t-butyllithium (99.5 mmol) was added to 4-bromobenzotrifluoride (10.5 g, 46.5 
mmol) in 154 ml of ether at –78°C under argon atmosphere. The solution was stirred for 1 h 
at –78°C and 0.5 h at room temperature, and then the mixture was cooled again to –78°C. 2-
Methyl-2-nitrosopropane (5.03 g, 57.7 mmol) was dissolved in 35 ml of ether and added to 
the reaction mixture. The solution was stirred for 1.5 h at –78°C and further stirring was 
continued for 12 h at room temperature. The solution was first washed with aqueous 
ammonium chloride and then with water. The ether layer was dried over anhydrous sodium 
sulfate. After evaporation, the crude product was purified by column chromatography on 
silica gel (hexane/ether 4/1), followed by recrystallization from hexane to yield the 
corresponding hydroxylamine as a colorless crystal (4.55 g, Yield 42%): sublimation point: 
64°C; 1H-NMR(CDCl3, 500 MHz, ppm): δ = 7.55 (d, 2H, J = 8.5 Hz, Ph), 7.48 (d, 2H, J = 
8.5 Hz, Ph), 6.17 (s, 1H, N-OH), 1.14 (s, 9H, N-t-Bu); 13C-NMR (CDCl3, 125 MHz, ppm): δ 
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= 152.8, 127.0 (q, J = 33.1 Hz), 124.7 (q, J = 4.1 Hz), 124.4, 124.3 (q, J = 272 Hz), 61.1, 
26.3; Mass: m/z 233 (found), 233.2 (calcd). IR (cm-1): 3223 (ν O-H), 2978 (ν Ph-H), 1363 
(ν t-Bu C-H); Anal. Calcd for C11H13F3NO: C, 56.7; H, 6.1; N, 6.0%. Found: C, 56.6; H, 
6.0; N, 6.2%.  
The obtained hydroxylamine (65.0 mg) was dissolved in benzene (27.9 ml), and 
potassium carbonate (385 mg) and silver oxide (646 mg) were added to the solution. The 
reaction mixture was vigorously stirred for 30 h at room temperature. The oxidizing agent 
and the base were removed using filtration, and the final radical solution was characterized 
using ESR spectroscopy. The solution was freeze-dried to yield the radical derivative 4d as 
an orange powder (Yield 46%): Mass: m/z 232 (found), 232.2 (calcd). IR (cm-1): 2984 (ν 
Ph-H), 1371 (ν t-Bu C-H); Anal. Calcd for C11H12F3NO: C, 56.9; H, 5.6; N, 6.0%. Found: C, 
57.1; H, 5.5; N, 6.2%. 
SQUID Measurements. Magnetization and magnetic susceptibility of the powder 
polymer sample were measured using a Quantum Design MPMS-7 SQUID 
(superconducting quantum interference device) magnetometer. The magnetic susceptibility 
was measured from 10 to 300 K under a 1.0 T field. The radical concentration was analyzed 
by the slope of the Curie plots and the saturated magnetization.  
Electrochemical Measurements. Cyclic voltammetry was performed using a normal 
potentiostat system (BAS Inc. ALS660B) with a conventional three-electrode cell under a 
dry argon atmosphere. A platinum disk, coiled platinum wire, and Ag/AgCl were used as 
the working, auxiliary, and reference electrode, respectively. The cyclic voltammogram was 
measured in a dichloromethane solution in the presence of 0.1 M tetrabutylammonium 
tetrafluoroborate as the supporting electrolyte. The formal potential of the 
ferrocene/ferrocenium redox couple was 0.45 V vs. the Ag/AgCl reference electrode.  
Electrolytic ESR and UV/vis Spectroscopy. 0.5 mM 1 or 3 in the dichloromethane 
solution containing 0.1 M tetrabutylammonium perchlorate was oxidized with a platinum 
wire or a platinum gauze (100 mesh) electrode at a given potential using a potentiostat 
NPOT-2501 (Nikko Keisoku Co.). The UV/vis spectra were recorded with a JASCO V-570 
UV/vis/NIR spectrophotometer.  
Chemical Characterization. 1H-, and 13C-NMR, and mass spectra were recorded 
using a JEOL Lambda 500 or a Bruker AVANCE 600 spectrometer, and a JMS-SX102A or 
Shimazu GCMS-QP5050 spectrometer. Gel permeation chromatography was performed 
with a chloroform or THF eluent using a Tosoh HLC-8220 instrument, and the molecular 
weight and polydispersity were calibrated with polystyrene standards. ESR spectra were 
taken using a JEOL JES-TE200 ESR spectrometer with a 100 kHz field modulation.  
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5.3 Switching of p- and n-type redox activity in nitroxylbenzene model compounds.   
 
To investigate effect of the electron-donating and withdrawing substitutent groups on 
the redox properties of the nitroxide radical polymers, a series of (N-t-butyl-N-
oxylamino)benzene model compounds p-substituted with methoxy, t-butyl, hydrogen, and 
trifluoromethyl groups 4a−d were characterized by ESR spectroscopy and cyclic 
voltammetry (CV). ESR spectra of the 4a−d benzene solutions gave a strong absorption at g 
= 2.0055 with triplet hyperfine structure ascribed to an oxygen-centered radical conjugated 
with the nuclear spin of nitrogen atom (14N, I = 1). The unpaired electron density on the N-
O bond was estimated from the hyperfine coupling constant (aN) using the McConnell 
equation:41 The hyperfine coupling constant (aN) of the nitrogen atom decreased with the 
electron-withdrawing ability of the substitutent group, which suggested the decrease of the 
unpaired electron density on N-O group (Table 5.1). It is presumed that the electron-
withdrawing effect of p-substituent tuned the SOMO energy level of nitroxide radical, 
which is closely related to the redox potential. 
Cyclic voltammograms of the nitroxylbenzene derivatives 4a−d are depicted in Figure 
5.2. The nitroxylbenzene p-substituted with methoxy 4a, t-butyl 4b, and hydrogen 4c 
substituents displayed the reversible redox potentials (formal redox potential E°) at 0.56, 
0.75, and 0.83 V vs. Ag/AgCl, respectively, which was assigned to the oxidation of the 
nitroxide radical to the corresponding oxoammonium cation or the p-type doping of the 
material. The p-type redox reversibility could be ascribed to the stabilization of the 
oxoammonium cation with electron-donating substituents. The redox potentials (E°) for the 
p-type doping of 4a−c shifted cathodically with the electron-donating contribution of the 
methoxy or t-butyl substituents to the nitroxide radical moiety. This corresponded to 
changes in the SOMO energy level, which was tuned by the p-substituent electronic effect. 
On the cathodic side, 4a−c exhibited an irreversible redox behavior, which suggested that 
the electron donating substituents destabilized the formed aminoxy anion and that the n-
doped state was chemically unstable for 4a−c. 
On the other hand, the nitroxylbenzene p-substituted with the electron-withdrawing 
trifluoromethyl group 4d exhibited a clear reversible redox at –0.92 V vs. Ag/AgCl, which 
corresponded to the reduction of the nitroxide radical to the corresponding aminoxy anion 
or n-type doping of material. The n-type redox wave was observed for more than 1000 
cycles, indicating a very long cycle-life. This remarkable stability of the n-type redox was 
assumed to result from the stability of the corresponding aminoxy anion containing the 
strong electron-withdrawing trifluoromethyl group.  
The peak separation width (Epa – Epc, Epa: anodic peak potential, Epc: cathodic peak 
potential) for the p-type redox waves of 4a−c was approximately 60 mV at low scan rates of 
100 mV/s, which was close to the theoretical value (59 mV) of a Nernstian or reversible 
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electron-transfer system.42 The electron-transfer rate constant k0 for 4a−c was estimated 
using the Nicholson method to be ca. 10-1 cm·s-1, which places the nitroxide radical in the 
category of a rapid electron-transfer system.34 On the other hand, the peak separation in the 
n-type redox of 4d was wider (ca. 270 mV), and the n-type doping was classified as a quasi-
reversible electron transfer reaction with k0 = 10-3 cm·s-1. Despite the slower n-type doping 
process of the nitroxide moiety, the electron transfer rate constants k0 for the redox of 4a−d 
were several orders of magnitude larger than those for redox reactions of organic electrode-
active materials, such as the reaction of a disulfide to form thiols with k0 = 10-11 cm·s-1.18,19 
The remarkably fast redox reactions of the nitroxide polymers could lead to a high power 
rate performance in the battery composed of the nitroxide electrode.  
The electrochemical results described above demonstrate that the nitroxide radical 
provides both p- and n-type redox activity suitable for creating cathode- and anode-active 
materials, respectively. Furthermore, we demonstrate that the redox potential or the battery 
voltage may be tuned via the substituent electronic effects and molecular design of the 
nitroxide radicals.  
 
Table 5.1.  ESR hyperfine constant (aN), redox potential (E°)b, and 
electron-transfer rate constant (k0)e of the 4-substituted 
nitroxylbenzenes 4a−d. 
Radical aN (mT)a E° (V) ΔE (mV) k0 (cm·s-1)e 
4a 1.28 0.56c 59c 0.17 
4b 1.23 0.75c 62c 0.11 
4c 1.21 0.83c 68c 0.042 
4d 1.17 –0.92d 267d 0.0012 
aEstimated with the ESR absorption; bEstimated from cyclic 
voltammetry. cReversible redox on the anodic side; dReversible 
redox on the cathodic side; eDetermined by the Nicholson method.42 
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Figure 5.2.  Cyclic voltammograms of the nitroxylbenzene derivatives 4a−d in 1.0 mM 
acetonitrile solution with 0.1 M (C4H9)4N+BF4-, scan rate = 100 mV/s, E°(Fc/Fc+) = 0.45 V 
vs. Ag/AgCl.  
 
 
5.4 Synthesis of poly(nitroxylstyrene)s.  
 
The styrenic monomers bearing nitroxide precursor(s), 6 and 9 were synthesized in 
three steps from the corresponding aromatic bromides. The di- or tri-bromobenzene was 
lithiated, and the following reaction with 2-methyl-2-nitrosopropane gave the corresponding 
hydroxylamines. After the protection of the hydroxylamino moiety with the tert-
butyldimethylsilyl group, Stille coupling with tributyl(vinyl)tin using palladium(0) catalyst 
yielded the corresponding styrenic monomers. Conventional radical polymerization of 6 
yielded the precursor polymer 7 (e.g. Mn = 2 × 104), and the one-pot deprotection with 
tetrabutylammonium fluoride and oxidation with silver oxide afforded the corresponding 
radical polymer 1 as an orange powder. The obtained radical polymer 1 was soluble in 
common organic solvents such as THF, chloroform, and toluene. The polymer 1 was 
insoluble, but slightly swollen in the electrolyte solution such as propylene carbonate and 
diethyl carbonate. The radical densities of 1 were estimated at 2.95 × 1021 unpaired 
electron/g (0.93 radicals per monomer unit) and 2.97 × 1021 unpaired electron/g (0.94 
radicals per monomer unit) from the intensity of the ESR (electron spin resonance) signal 
and from SQUID (superconducting quantum interference device) measurement, 
respectively, and the values estimated by the two methods agreed well with each other. The 
radical generation via oxidation of the corresponding hydroxylamine was quantitative and 
-2 -1 0 1 2
Potential (V vs Ag/AgCl)
4b
4a
4c
4d
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advantageous, in comparison with that via the oxidation of the secondary amine. The 
unpaired electron concentration of 1 was the highest among the previously synthesized and 
reported radical polymers.27-31 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 5.2.  Synthesis of the poly(nitroxylstyrene)s 1-3a 
aReagents and conditions: a) t-C4H9Li, 2-methyl-2-nitrosopropane, ether; b) TBDMS-Cl, 
imidazole, DMF; c) tributyl(vinyl)tin, Pd(PPh3)4, 2,6-di(t-butyl)-4-methylphenol, toluene; d) 
AIBN, benzene; e) (C4H9)4N+F-, Ag2O, THF; f) s-C4H9Li, THF; g) acrylonitrile, AIBN, 
benzene. 
 
Radical polymerization of the styrenic monomer bearing two protected nitroxide 
groups 9 resulted in an oligomeric product (Mn = 2,100). The molecular weight of 10, 
which was polymerized via the anionic polymerization with s-butyllithium as the 
initiator, also remained low (Mn = 2,500). The 1H-NMR and APCI-Mass spectra of 10 
indicated that the absence of side reactions such as deprotection of the silyl group during the 
polymerization. With the hypothesis that steric hindrance of the propagating chain-end was 
hindering polymerization, acrylonitrile was selected as a comonomer in consideration of 
both the compact molecular structure and the tendency toward alternating polymerization 
with styrenic monomers based on the Q-e value. Radical copolymerization of 9 with one 
equivalent of acrylonitrile afforded the corresponding copolymer 11 with a higher 
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molecular weight (e.g. Mn = 2.4 × 104). 1H-NMR spectroscopy revealed a mole fraction of 
0.70 of monomer 9 in the copolymer 11, whereas elemental analysis produced a value of 
0.75. One-pot deprotection and oxidation of 10 afforded the corresponding radical polymer. 
The radical density of 2a was 4.27 × 1021 unpaired electron/g (1.96 radicals per monomer 
unit), nearly 1.5- and 1.8 times those of 1 and PTMA, respectively. The copolymer 2b 
exhibited 3.14 × 1021 unpaired electron/g, which was consistent with the radical residue 
content calculated from the copolymer composition.  
The styrenic monomer bearing the trifluoromethyl electron-withdrawing group, 14, 
was synthesized from 5-bromo-2-iodobenzotrifluoride 12 by selective lithiation at the 
iodine substituent,41 followed by protection of the hydroxyamine group, and subsequent 
Stille coupling with tributyl(vinyl) tin. Radical polymerization of 14 yielded a protected 
nitroxide functional polymer with a high molecular weight (e.g. Mn = 3.6 × 104). 
Deprotection and oxidation of 14 afforded the corresponding radical polymer 3 as an orange 
powder. The obtained polymer 3 possessed solubility in common organic solvents, and its 
radical density was 1.82 × 1021 unpaired electron/g (0.78 radicals per monomer unit). The 
nitroxide residues of 3 were stable and maintained their initial radical density under ambient 
atmospheric conditions (half-life > 1 month). 
 
 
5.5 Electrochemical Properties of Poly(nitroxylstyrene)s  
 
Cyclic voltammograms of poly(nitroxylstyrene)s 1 and 3 are shown in Figure 5.3. 
Poly(nitroxylstyrene) 1 produced a reversible redox wave at 0.74 V vs. Ag/AgCl on the 
anodic side in a similar fashion to the model compounds 4a−c. Electrolytic in-situ ESR 
spectroscopy revealed the complete disappearance of the strong ESR signal of 1 attributed 
to the nitroxide radical at g = 2.0056 upon application of a 1.2 V potential. The ESR signal 
was regenerated upon returning the potential to 0 V (Figure 5.3, inset). This reversible 
redox couple was attributed to the oxidation of the nitroxide radical to the oxoammonium 
cation or p-type doping of poly(nitroxylstyrene) 1. Electrolytic in-situ UV/vis spectroscopy 
also supported the hypothesis of a reversible redox reaction. The UV/vis absorption (λmax = 
295, 304 nm) decreased under the applied potential at 1.0 V, and a new absorption appeared 
at 319 nm producing an isosbestic point at 308 nm (Figure 4a). Cyclic voltammetry of 2 
revealed an oxidation peak on the anodic side at 1.0 V, which proved to be irreversible. This 
instability of the redox process of 2 could be ascribed to the lack of a stabilizing p-
substitutent (4-position of 2) on the nitroxide radicals.  
The poly(nitroxylstyrene) o-substituted with the trifluoromethyl group 3 produced a 
reversible redox wave (E° = – 0.76 V) on the cathodic side (Figure 5.3), consistent with the 
model compound 4d, corresponding to the n-type doping process. This n-type doping 
Chapter 5 
80 
process was also characterized using electrolytic ESR and UV/vis spectroscopy. The ESR 
signal for 3 disappeared under an applied potential of –1.2 V, and then regenerated at 0 V 
(Figure 3, inset). The UV/vis absorption (λmax = 294, 303 nm) also decreased under an 
applied potential of –1.0 V, and a new absorption appeared at 327 nm with  isosbestic points 
at 281 and 308 nm. Polymer 3 is the first n-type redox polymer developed from nitroxide 
radical polymers applicable as an anode-active material. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3.  Cyclic voltammograms of the radical polymers 1 and 3 at 1.0 mM 
concentration in CH2Cl2 solution with 0.1 M (n-C4H9)4N+BF4-. Scan rate = 100 mV/s. Inset: 
electrolytic in-situ ESR spectra of 1 under applied potentials of 0.0 and 1.2 V vs. Ag/AgCl, 
and 3 under the applied potentials of 0.0 and -1.2 V. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4.  Electrolytic UV/vis spectra of (a) 1 at potentials of 0.4, 0.6, 0.8, and 1.0 V; (b) 
3 at potentials of -0.4, -0.7, -1.0 V, in 0.5 mM CH2Cl2 solution with 0.1 M (n-C4H9)4N+ClO4-.  
 
These results support our molecular design approach for tuning the electrochemical 
properties of redox-active polymers: Substitutent electronic effects enabled control of the 
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redox potential of the radical through changes in the radical electron density. The 
stabilization of the oxidized or reduced form of the nitroxide radical using substitutent 
group effects could thus switch the redox type of the radical polymer, from p- to n-type 
doped polymers. Such p- and n-type redox-active polymers possess potential applications as 
cathode- and anode-active materials leading to an all-organic battery. The completely 
organic cell comprising both p-type 1/carbon composite cathode and n-type 3/carbon 
composite anode can be fabricated using an ethylene carbonate and diethyl carbonate 
solution of 1.0 M lithium hexafluorophosphate as an electrolyte. The cell performance will 
be reported in the future publication. 
In summary, three poly(nitroxylstyrene)s containing robust and redox-active nitroxide 
radicals with higher radical densities, poly[4-(N-t-butyl-N-oxylamino)styrene] 1, poly[3,5-
di(N-t-butyl-N-oxylamino)styrene] 2, and poly[4-(N-t-butyl-N-oxylamino)-3-
trifluoromethylstyrene] 3 were synthesized. Cyclic voltammetry, in-situ electrolytic ESR 
and UV/vis spectroscopy revealed that the reversible p-type redox of poly(nitroxylstyrene) 
1, attributed to the oxoammonium cation formation and n-type redox of 
poly(nitroxylstyrene) o-substituted with trifluoromethyl group 3 corresponding to the 
aminoxy anion formation, was tuned by the electronic effects of substituent groups. P- and 
n-type redox switching with chemical modification also promises potential applications of 
these polymers as cathode- and anode-active materials in all-organic batteries. 
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6.1  Introduction 
 
Redox-active organic polymers have been widely used as anti-oxidants and photo-
stabilizers for commodity plastics as well as oxidizing agents for organic synthesis, due to 
their rapid and reversible oxidation and reduction processes.1-9 Accompanied with the 
electron transfer in the redox processes, ionic-mass transport also results in potential 
applications in sensors, actuators, and drug delivery systems.10-14 Among the unique features 
of these polymers, charge-storage within the redox-active organic polymer based on its 
reversible redox reaction is one of the most promising capabilities, leading to new 
electrode-active materials for application in rechargeable batteries.8,9 Organic-based, 
electrode-active materials inherently possess several advantages: lightweight, tunable redox 
property, mechanical flexibility, and processing compatibility. 
Prompted by the remarkable development of portable or ubiquitous electronic devices, 
high energy- and power-densities are required for rechargeable batteries such as the lithium-
ion battery.20,21 While metal- or metal oxide-based materials such as LiCoO2, LiMnO2 and 
V2O5 are widely exploited as electrode-active materials, they are problematic due to the 
toxicity of heavy metals and the limitation of natural metal resources. In mid-2006, the 
ignition and explosion of the Li-ion batteries evoked attention for the safety problem.15 
Alternately, organic-derived electrode-active materials are environmentally benign and 
produced from readily available resources. 
Since the discovery of doped polyacetylene, intrinsically conducting polymers 
(polyacetylene, polyaniline, polypyrrole, and polythiophene) and redox-active compounds 
bearing disulfide derivatives have been proposed and investigated as potential alternatives 
to inorganic-based electrode-active materials.16-19 However, these previously studied 
organic-based battery materials suffer from limitations in terms of the low degree of doping, 
slow electrochemical processes, and fluctuating voltage. Thus, there are almost no reports 
on organic-derived electrode-active materials in practical use. 
Recently, we have explored the use of organic radical species,22-26 particularly pendant 
nitroxide functional radical polymers, as cathode-active, charge-storage materials for 
secondary Li-ion batteries.27-31 Earlier work on radical polymers in our laboratories focused 
on poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA).24,25 This polymer 
contains 2,2,6,6-tetramethylpiperidinyl-N-oxy (TEMPO) which is chemically robust, as 
well as rapidly, reversibly, and nearly stoichiometrically oxidized to the corresponding 
oxoammonium cation or p-type doped state via chemical or electrochemical oxidation 
(Scheme 1).32,33 We have described the characteristics of organic radical polymer batteries 
composed of the nitroxide radical polymer cathode as follows:27 (1) high charge/discharge 
capacity (ca. 100 mAh/g), ascribed to the stoichiometric redox of the nitroxide radical or the 
quantitative doping of the polymer, in contrast to the limited doping level of π-conjugated 
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conducting polymers, (2) high-charging and discharging rate performance resulting from 
the rapid electron-transfer processes of the nitroxide radical,34 and (3) long cycle-life, often 
exceeding 1000 cycles, derived from the chemical stability of the nitroxide radical and from 
the amorphous electrode structure. Based on these characteristics, our radical polymer 
battery has attracted much attention as a high power-density and environmental-benign 
secondary battery for a next generation energy-storage device. 
 
 
 
 
 
 
 
 
 
Scheme 6.1.  Redox couples of nitroxide and galvinoxyl derivatives 
One of the current challenges for organic radical batteries is the development of an n-
type redox (cation-exchanging) polymer. An n-type radical polymer, would serve as an 
anode-active materials in combination with p-type nitroxide polymer cathode, promising an 
all-organic battery.9,17,27 However, there has been no previous report on such an n-type 
radical polymer due to the chemical instability of the reduced aminoxy anion form. In this 
chapter, we focused the n-type redox between the galvinoxyl radical and the galvinoxylate 
anion (Scheme 6.1), and developed, for the first time, the polymeric derivative, 
poly(galvinoxylstyrene) 1 as an n-type electrode-active material (theoretical charge capacity 
= 51 mAh/g). An all-organic battery comprising both p-type and n-type polymers is 
illustrated in Figure 6.1. During the charging process, the p-type nitroxide radical polymer 
in the cathode is oxidized to the oxoammonium cation form and the n-type galvinoxyl 
polymer in the anode is reduced to the galvinoxylate anion form. During the discharging 
process, the nitroxide and galvinoxyl radical are regenerated through the reduction of the 
oxoammonium cation and oxidation of the galvinoxylate anion in the cathode and anode, 
respectively. In this chapter, we demonstrated, for the first time, the synthesis of n-type 
poly(galvinoxylstyrene) and its application in an all-organic battery. The future directions in 
designing and constructing organic polymer-based batteries are also discussed.  
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Figure 6.1  A totally organic-derived battery composed of p-type nitroxide cathode and n-
type galvinoxyl anode. 
 
 
6.2 Experimental section 
 
Materials.  4-Bromo-[(3,5-di-t-butyl-4-hydroxyphenyl)(3,5-di-t-butyl-4-oxo-
cyclohexa-2,5-diene-1-ylidene)methyl]-benzene 2, and photocrosslinked poly(TEMPO-
substituted norbornene) 5 was synthesized by reference to our previous reports.35–38 
Tetraethyleneglycol diacrylate was purchased from TCI, Tokyo, and purified with silica gel 
column chromatography to remove MEHQ. 
[(3,5-di-t-butyl-4-hydroxyphenyl)(3,5-di-t-butyl-4-oxo-cyclohexa-2,5-diene-1-
ylidene)methyl]-styrene 3.  To 21.6 ml of a toluene solution of 4-Bromo-[(3,5-di-t-butyl-4-
hydroxyphenyl)(3,5-di-t-butyl-4-oxo-cyclohexa-2,5-diene-1-ylidene)methyl]-benzene 2 (2.5 
g, 4.3 mmol) were added 2,6-di-t-butyl-p-cresol (4.8 mg), tetrakis-triphenylphosphine 
palladium (150 mg, 0.13 mmol), and tri-n-butyl vinyl tin (1.65 g, 5.2 mmol) and the 
solution was stirred for 18 h at 100°C. The solution was extracted with ether, washed with 
water, and dried over anhydrous magnesium sulfate. The solvent was removed in vacuo, 
and the residue was purified using a silica gel column with a chloroform/hexane (3/1) eluent. 
The product was isolated as an orange crystal by recrystallization from hexane in the yield 
of 68%. Mp. 247°C; 1H-NMR (CDCl3, 500 MHz, ppm): δ = 7.44 (d, J = 8.2 Hz, 2H, Ph), 
7.24 (d, J = 8.2 Hz, 2H, Ph), 7.22 (s, 1H, Ph), 7.16 (s, 1H, Ph), 7.03 (s, 2H, Ph), 6.78 (dd, J 
= 18, 11 Hz, 1H, vinyl), 5.87 (d, J = 18 Hz, 1H, vinyl), 5.51 (s, 1H, OH), 5.36 (d, J = 11 Hz, 
1H, vinyl), 1.41 (s, 18H, t-butyl), 1.27 (d, 18H, t-butyl); 13C-NMR (CDCl3, 125 MHz, ppm): 
δ  = 186.1, 157.9, 155.4, 146.6, 146.5, 140.6, 138.32, 138.26, 136.4, 135.2, 132.8, 132.5, 
131.8, 130.1, 128.8, 125.6, 115.0, 35.3, 35.2, 34.4, 30.3, 29.7, 29.5; IR (cm-1): 3629 (ν O-H), 
1594 (ν C=O); Mass: m/z 525.8, calcd for 524.8; Anal. Calcd for C37H48O2: C, 84.7; H, 9.2. 
Found: C, 84.5; H, 9.4. 
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Radical polymerization of the hydrogalvinoxyl monomer 3.  To a 1.0 ml dry THF 
solution of the monomer 3 (100 mg) was added AIBN (1.56 mg, 9.53 µmol), and the 
mixture was stirred for 36 h at 70°C under an argon atmosphere. The polymerization 
mixture was poured into hexane, and the precipitated polymer powder was purified by 
reprecipitation from chloroform into hexane to afford the orange powder of 4a (yield 42%). 
Mn = 1.1 × 104, Mw/Mn = 1.2; 1H-NMR (CDCl3, 500 MHz, ppm): δ = 7.08 (br, 8H, Ph), 5.57 
(br, 1H, OH), 1.94 (br, 3H, t-butyl), 1.32 (br, 36H, t-butyl); 13C-NMR (CDCl3, 125 MHz, 
ppm): δ  = 185.9, 159.0, 156.0, 147.2, 146.8, 139.0, 135.5, 133.2, 132.5, 132.0, 130.6, 128.8, 
124.5, 42.5, 40.5, 35.7, 34.7, 30.7, 30.1; IR (cm-1): 3629 (ν O-H), 1594 (ν C=O); Anal. Calcd 
for C37H48O2: C, 84.7; H, 9.2. Found: C, 84.5; H, 9.0. 
Radical copolymerization of 3 with bisacrylate.  To a 1.0 ml dry THF solution of the 
monomer 3 (100 mg) and tetraethyleneglycol diacrylate 5.8 mg (19.1 µmol) was added 
AIBN (1.73 mg, 10.5 µmol), and the mixture was stirred for 12 h at 70°C under an argon 
atmosphere to yield a rubbery polymer. The crude polymer was purified by Soxhlet 
extraction with acetonitrile to afford the crosslinked polymer 4b as an orange powder (yield 
55%).  
Oxidation of the precursor polymer 4a. Aqueous solutions of excess sodium 
hydroxide and of potassium ferricyanide were successively added to a 5 mM CH2Cl2 
solution of the poly(hydrogalvinoxystyrene) 4a, and the mixture was vigorously stirred at 
room temperature. Color of the organic layer changed from blue to deep brown. After 
stirring for 30 min., the organic layer was extracted with CH2Cl2. The extract was washed 
with water, dried over anhydrous sodium sulfate, and evaporated to give brownish powder 
of the galvinoxy polymer 1a (Yield 75%).  
Oxidation of the crosslinked polymer 4b. Aqueous solutions of excess sodium 
hydroxide and of potassium ferricyanide were successively added to a 10 mM THF 
dispersion of the crosslinked poly(hydrogalvinoxystyrene) 4b, and the mixture was 
vigorously stirred at room temperature. Color of the mixture changed from blue to deep 
brown. After stirring for 6 h, the polymer was filtrated, washed with water, and dried to give 
brownish powder of the galvinoxy polymer 1b (Yield 78%). 
ESR and SQUID measurement. ESR spectra were taken using a JEOL JES-TE200 
ESR spectrometer with a 100 kHz field modulation. Magnetization and magnetic 
susceptibility of the powder polymer sample were measured by a Quantum Design MPMS-
7 SQUID (superconducting quantum interference device) magnetometer. The magnetic 
susceptibility was measured from 10 to 300 K in a 1.0 T field. The radical density or the 
concentration of the unpaired electron of each sample was determined on the basis of the 
assumption of being paramagnetic at room temperature by integration of the ESR signal 
standardized with that of 2,2,6,6-tetramethyl piperidinyl-N-oxy (TEMPO) solution. The 
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radical density was also analyzed by the slope of the Curie plots and the saturated 
magnetization in the SQUID measurement.  
Preparation of the composite electrode.  The polymer 1b (10 mg) was mixed with 80 
mg of a graphite fiber (vapor grown carbon fiber: VGCF, Showa Denko Co.) and 10 mg of 
a binder powder (polyvinylidenefluoride resin: KF polymer, Kureha Chemical Co.) in the 
presence of N-methyl-2-pyrrolidone (NMP). The mixture was pasted on aluminum foil and 
dried overnight in vacuo at room temperature. Poly(TEMPO-substituted norbornene) 5 was 
photocrosslinked with bis(azide) derivative after molding the composite electrode to 
eliminate dissolving the polymer into the electrolyte (See Chap. 3 in detail). 
Preparation of the half-cell for characterization of n-type cathode performance. A 
beaker– or coin–type cell was fabricated by stacking the polymer 1b/carbon composite 
electrode with a separator film (cell guard #2400, Hohsen Corp.) and lithium metal as the 
counter electrode (anode) under an argon atmosphere. A dimethoxyethane/propylene 
carbonate (2/1) solution of lithium hexafluorophosphate (1 M) with 0.01 M lithium 
butoxide was used as the electrolyte solution.  
Fabrication of the totally organic cell. A totally organic cell was prepared with 5 and 
1b/carbon composite electrode as the cathode and anode, respectively. An acetonitrile 
solution of (C4H9)4NClO4 and 0.01 M lithium butoxide was used as the electrolyte solution. 
A flexible cell was also fabricated by stacking 5 and 1b on ITO/PET substrates and sealing 
with Kapton® tape. 
Electrochemical measurements and cell performance. Cyclic voltammetry was 
performed using a normal potentiostat system (BAS Inc. ALS660B). A Hokuto Denko 
charge/discharge analytical instrument (SM-8) was used to measure the electrical 
charge/discharge characteristics of the test cell. The cycle performance of the fabricated cell 
was tested by repeated charge-discharge galvanostatic cycles at different current densities. 
Electrolytic in-situ ESR and UV/vis spectroscopy. A dichloromethane solution of 1a 
(0.5 mM) containing 0.1 M tetrabutylammonium perchlorate and 0.01 M lithium butoxide 
was oxidized with a platinum wire or gauze (100 mesh) electrode at a given potential using 
a potentiostat NPOT-2501 (Nikko Keisoku Co.) and the ESR signal was detected with a 
JEOL JES-TE200 ESR spectrometer. Ag wire was used as quasi-reference electrode in the 
system. Electrolytic in-situ UV/vis spectra were recorded by a JASCO V-570 UV/vis/NIR 
spectrophotometer. The radical thin film 1b spin-coated on the ITO/crystal substrate, 
platinum mesh, and Ag/AgCl were used as the working, auxiliary, and reference electrode. 
A potentiostat system ALS660B was also used for the step potential application. 
Other measurements. The 1H- and 13C-NMR spectra were recorded using a JEOL 
Lambda 500 or Bruker AVANCE 600 spectrometer, and the mass spectra were recorded by 
a JMS-SX102A or Shimazu GCMS-QP5050 spectrometer. Gel permeation chromatography 
was performed with chloroform or THF using a Tosoh HLC-8220 instrument.  
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6.3  Synthesis of poly(galvinoxylstyrene) 
 
The hydrogalvinoxystyrene monomer, [(3,5-di-t-butyl-4-hydroxyphenyl)(3,5-di-t-
butyl-4-oxo-cyclohexa-2,5-diene-1-ylidene)methyl]-styrene 3, was synthesized as follows. 
(4-Bromo-2,6-di-t-butylphenoxy)trimethylsilane was lithiated with n-butyllithium, and 
coupled with 4-bromobenzoate to form a galvinoxyl skeleton 2. Stille coupling with the 
vinyl tin reagent using palladium(0) catalyst afforded the corresponding styrenic monomer 
3. Radical polymerization of 3 initiated with 5 mol% AIBN in THF, yielded the polymer 4a 
(e.g. Mn = 1.1 × 104) as a yellow powder. Chemical oxidation with alkaline K3Fe(CN)6 gave 
the corresponding radical polymer 1a as dark brown powder. The radical density of 1a was 
estimated from the ESR and SQUID measurement to be 0.90 radicals per monomer unit, 
and unchanged at ambient conditions (half life time = ca. 1 week). Poly(galvinoxylstyrene) 
1a exhibited a good solubility in common organic solvents such as THF, chloroform and 
even in the electrolyte solution. Therefore, crosslinking copolymerization of 3 with 10 
mol% bisacrylate monomer such as tetraethyleneglycol diacrylate was performed to 
eliminate dissolving the polymer. The obtained crosslinked polymer 4b was dispersed in 
THF, and chemically oxidized with alkaline K3Fe(CN)6 to yield the corresponding polymer 
1b. The obtained polymer 1b was insoluble, but slightly swollen in the electrolyte solution 
(propylene carbonate with LiPF6), and its solubility was tunable by the degree of 
crosslinking. 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 6.2.  Synthesis of poly(galvinoxylstyrene)s 1a and 1b 
Reagents and conditions: a) n-BuLi, THF, (2,6-di-t-butyl-4-bromophenoxy)trimethylsilane; 
b) 10N-HCl, THF, CH3OH; c) tributyl(vinyl)tin, Pd(PPh3)4, 2,6-di(t-butyl)-4-methylphenol, 
toluene; d) AIBN, THF; e) AIBN, tetraethyleneglycol diacrylate, THF; f) excess NaOHaq, 
K3[Fe(CN)6], THF. 
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6.4  Electrochemical properties of poly(galvinoxylstyrene) 
 
The crosslinked polymer 1b itself does not show sufficient electroconductivity; 
therefore, a 1b/carbon/binder (1/8/1) composite electrode was prepared, in which the carbon 
nanofiber acted as a current collector. In the conventional electrolyte, the cyclic 
voltammogram of 1b displayed the peak current decrease with cycles, which was assumed 
to the facile proton addition to the galvinoxylate anion, yielding the redox-inactive 
hydrogalvinoxy group. On the other hand, the base additives such as (C4H9)4NOH or alkali 
butoxide salts induced a reversible redox wave of the 1b/carbon composite electrode at 3.15 
V vs. Li/Li+, which was ascribed to the stabilization of the galvinoxylate anion under basic 
condition (Figure 6.2). Electrolytic in-situ ESR spectroscopy revealed the complete 
disappearance of the strong, unimodal ESR signal of 1b attributed to the galvinoxyl radical 
at g = 2.0052 upon application of a –0.4 V vs. Ag/Ag+ (2.4 V vs. Li/Li+). The ESR signal 
was regenerated upon returning the potential to 0.6 V (3.45 V vs. Li), suggesting that this 
reversible redox couple was attributed to the reduction of the galvinoxyl radical to the 
galvinoxy anion or n-type doping of poly(galvinoxylstyrene) (Figure 6.2, inset).  
 
 
 
 
 
 
 
 
 
 
Figure 6.2.  Cyclic voltammograms of 1b and 5/carbon composite electrode in 1.0 M LiPF6 
DME/PC solution with 0.01 M lithium butoxide. Scan rate = 5 mV/s. Inset: electrolytic ESR 
spectra of 1b and 5 under the applied potentials vs. Li/Li+, which were calculated from the 
values vs. Ag/Ag+ quasi-reference electrode. 
 
 
6.5  N-type cathode performance of poly(galvinoxylstyrene) 
 
To investigate the n-type redox activity of 1b, a test cell was fabricated by stacking the 
1b/carbon composite cathode with a separator film and lithium metal as the anode. The 
charge-discharge curves for the fabricated cell displayed a plateau voltage at 3.15 V vs. 
Li/Li+, corresponding to the redox potential for 1b (Figure 6.3). The charge capacity per 
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active material weight was 42 mAh/g, which agreed well with the calculated theoretical 
capacity in consideration of the copolymer composition (51 mAh/g × 0.9 = 46 mAh/g). The 
cycle performance during charging and discharging at the cut-off voltages of 2.6 and 3.5 V, 
displayed no significant deterioration in the capacity up to 150 cycles (Figure 6.3 inset). 
This remarkably stable cyclability could be ascribed to the simple one-electron transfer of 
the galvinoxyl radical and the amorphous electrode structure. In view of the cell 
configuration, poly(galvinoxylstyrene) 1b served as a cation-inserting cathode, enabling the 
capacity enhancement of the total cell by reducing the excess electrolyte. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3  Charge/discharge curves of the test cell composed of 1b/carbon cathode and 
lithium anode, electrolyte: a 0.5 M DME/PC (2/1) solution of LiPF6 with 0.01 M LiOC4H9, 
current density = 10 C rate. Inset: cycle performance of the battery.  
 
 
6.6  N-type anode performance of poly(galvinoxylstyrene) for a totally organic-based 
battery 
 
Based on the n-type redox activity of poly(galvinoxylstyrene) 1b, a totally organic-
based cell was fabricated in combination with TEMPO-based polymer 5 cathode. An 
acetonitrile solution of (C4H9)4NClO4 with a small additive of sodium butoxide was selected 
as a basic electrolyte. As shown in Figure 6.2, polynorbornene 5 exhibited a reversible 
redox at 3.8 V vs. Li/Li+ under basic condition, which was attributed to the redox reaction 
between the nitroxide radical and the corresponding oxoammonium cation or p-type doping 
of the material. The charge-discharge curves of the cell displayed a plateau voltage at 0.66 
V, which agreed well with the difference of the formal redox potentials for 1b and 5, E°(5) 
– E°(1b) (Figure 6.4). The charge capacity was 85 mAh/g, which corresponds to the 
theoretical capacity of the polymer 5 (109 mAh/g).  
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Figure 6.4.  Charge/discharge curves of a totally organic cell composed of both cathode 5 
and anode 1b, current density = 20 C rate. Inset: cyclic voltammogram of the test cell.  
 
Figure 6.5 also shows the charge–discharge curve at a higher current density. The 
capacity was even maintained at a current rate of 100 C, which enables a surprisingly rapid 
charging time (ca. < 1 min.) and a high power rate performance (7.2 kW/kg) of the cell. The 
cycle performance during charging and discharging at the cut–off voltages of 0.0 and 1.2 V, 
respectively, displayed no significant deterioration in the capacity up to 100 cycles.  
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5.  The rate performance of the fabricated cell composed of 1b anode and 5 
cathode at current densities of 0.04, 0.08, 0.16, 0.24, and 0.40 mA/cm2 (10–100 C rate). 
 
 
6.7.  All-organic paper-like battery with an indicator of the charged/discharged states  
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transparent (or flexible) organic battery was fabricated with both radical thin films on the 
ITO glass (or PET) substrates as electrode-active materials (Fig. 6.6). In situ electrolytic 
UV/vis spectra for a thin film 1b, spin-coated on an ITO/crystal substrate, revealed the 
reversible color change coupled with the n-type reversible redox reaction. The UV/vis 
absorption (λmax = 600 nm) decreased under the applied potential of –0.4 V vs. Ag/AgCl, 
and new absorption appeared at 482 nm with the isosbestic point at 510 nm (Figure 6.7). 
Application of the step potentials of –0.4 V and 1.2 V induced the rapid color response from 
light brown to blue. Based on these electrochromic characteristics, poly(galvinoxylstyrene) 
1b could be used as the indicator for the charged/discharged state, as well as serving as the 
electrode-active material, leading to its potential use in a paper-like or card-type battery in 
the near future. 
 
 
 
 
 
 
 
 
Figure 6.6. A photograph of the fabricated flexible organic battery composed of 1b anode 
and 5 cathode on ITO/PET substrates.  
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7.  In situ electrolytic UV/vis spectra of 1b on ITO glass substrate in 1.0 M 
acetonitrile solution of (C4H9)4NClO4 with 0.01 M sodium butoxide. Inset: UV absorption 
change at 600 nm under the applied potentials of –0.5 and 1.2 V vs. Ag/AgCl.  
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In summary, we synthesized poly(galvinoxylstyrene) and developed, for the first time, 
a totally organic secondary battery composed of p-type nitroxide polymer and n-type 
poly(galvinoxylstyrene) based on the difference of the redox potentials for both polymers. 
The all organic-based cell displayed a significantly high power rate performance and a 
higher charge capacity (> 10 times) than the previously reported values for conducting 
polymers. A more favored all organic battery configuration composed of 
poly(galvinoxylstyrene) cathode and the n-type nitroxide polymer anode (rocking chair 
type), will be reported in the near future. 
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7.1  Conclusion 
 
In this thesis, the author described the design and synthesis of a series of redox-active 
radical polymers and their application as electrode-active materials in an organic-derived 
secondary battery. In this chapter, the characteristics of such redox-active radical polymers 
and important conclusions derived from this study are summarized. 
In chapter 2, a polyether derivative bearing the redox-active 
2,2,6,6-tetramethylpiperidinyl-N-oxy (TEMPO) moiety was designed and synthesized via 
anionic ring-opening polymerization of the TEMPO-substituted glycidyl ether (Mn = 3 × 104). 
The fabricated cell composed of this polymer/carbon fiber composite cathode displayed a 
plateau voltage of 3.54 V vs. Li/Li+ and stable charging and discharging curves. The cell 
performance was maintained even with a higher radical polymer loading in the composite 
electrode, which revealed the flexible polyether backbone could contribute to its higher 
compatibility with the electrolyte solution and the current collector, and could also serve as a 
matrix for rapid electron transfer.  
In chapter 3, photocrosslinking was chosen as a method for providing tunable solubility 
of the radical polymer, increasing mechanical toughness of the film, improving design 
flexibility and enabling patterning of the device. A photocrosslinked TEMPO-substituted 
polynorbornene was obtained using a bis(azide) crosslinker, which was carefully designed to 
eliminate side reactions on the nitroxide moiety. The obtained radical thin film exhibited a 
rapid and reversible redox at 3.58 V vs. Li/Li+ and served as a cathode-active material even 
without any current collector. This approach facilitated battery manufacture via a wet, 
printable, and rollable process, leading to an organic-based, flexible paper battery, or a 
battery-on-chip in the not-too-distant future. 
In chapter 4, the electron transfer rate constants k0 for p-type redox reaction of TEMPO 
and other nitroxylbenzene derivatives were estimated by electrochemical methods to be 
approximately 10-1 cm·s-1, which demonstrated the rapid electron-transfer processes in bulk 
solution. Chronoamperometry, chronocoulometry, and normal pulse voltammetry 
measurements of the electrode modified with poly(TEMPO-substituted methacrylate) 
characterized the apparent diffusion coefficient Dapp for the p-type redox of the TEMPO 
moiety within the polymer matrix to be a high value (on the order of 10-8 cm2·s-1), resulting in 
the high power rate performance of the organic radical battery.  
In chapter 5, three poly(nitroxylstyrene)s containing robust and redox-active nitroxide 
radicals with higher radical densities, poly[4-(N-t-butyl-N-oxylamino)styrene], 
poly[3,5-di(N-t-butyl-N-oxylamino)styrene], and 
poly[4-(N-t-butyl-N-oxylamino)-3-trifluoromethylstyrene] were synthesized. Cyclic 
voltammetry, in-situ electrolytic ESR and UV/vis spectroscopy revealed that the reversible 
p-type redox of poly[4-(N-t-butyl-N-oxylamino)styrene], attributed to the oxoammonium 
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cation formation and n-type redox of poly(nitroxylstyrene) o-substituted with trifluoromethyl 
group corresponding to the aminoxy anion formation, was tuned by the electronic effects of 
substituent groups. P- and n-type redox switching with chemical modification also promises a 
potential application of these polymers as cathode- and anode-active materials in all-organic 
batteries.  
In chapter 6, poly(galvinoxylstyrene) was synthesized via the conventional radical 
polymerization of the precursor monomer, hydrogalvinoxystyrene, and subsequent chemical 
oxidation. The obtained polymer exhibited a reversible redox at 3.15 V vs. Li/Li+ under basic 
conditions, attributed to the n-type redox reaction between the galvinoxyl radical and 
galvinoxylate anion. A test cell fabricated with this polymer anode and 
poly(TEMPO-substituted norbornene) cathode, displayed stable charge–discharge curves at a 
plateau voltage of 0.66 V, which agreed well with the difference of the formal redox 
potentials for both radical polymers. Poly(galvinoxylstyrene) showed reversible color changes 
(from light brown to blue), coupled with the redox reaction, and served as an indicator of the 
charge/discharge state of the battery in the thin film cell configuration. 
A series of redox-active radical polymers were proposed and synthesized along with the 
following molecular design approaches: enhancement of the charge capacity, improvement of 
processing compatibility and design flexibility, and n-type redox (cation exchanging) activity 
leading to all-organic battery. The redox activity of the radical polymers has been correlated 
with their chemical structures and the author constructed, for the first time, an 
all-organic-based battery composed of both radical polymers, which will open a new field of 
organic-based electrode-active materials. 
 
 
7.2  Future prospects 
The development of organic radical battery for a practical application is now in progress. 
Particularly, the radical polymers with high charge capacity are extensively investigated and 
optimized by the authors’ collaborators in industry (NEC and other chemical companies). 
Through this PhD study, the author has proposed a series of radical polymers as the next 
candidates for electrode-active material based on the three concepts: high capacity, processing 
compatibility, and n-type redox activity to develop all-organic-based batteries. The author 
reviews and envisions the future prospects of this study in view of molecular design, 
morphology, composite material, and cell fabrication. 
 
7.2.1  Theoretical calculation of the redox potential 
As the author described in chapter 1.5.7, Dahn, et al. also reported the theoretical redox 
potentials for TEMPO derivatives by Gausian03 with DFT calculations.1,2  
! 
E
0
(S) = " G0(S) "G0(S+)[ ] /e "1.46  (7.2.1) 
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where the standard oxidation potential E0, in volts, of a neutral species S corresponds to 
the negative change in the standard free-energy G0, in electron volts, between the species S 
itself and its cation S+, divided by the electron charge e. This theoretical calculation produces 
reasonable results. Such theoretical calculations will provide useful information for molecular 
designing. 
 
7.2.2  Molecular design for n-type redox-active radical polymers 
In chapter 5, the author has proved the p- and n-type redox switching with substituent 
electronic effect. Such chemical modification in the molecular design will be a versatile 
method to develop the n-type radical polymers. However, there are still some problems on the 
sufficient chemical stability of the oxidized form (oxoammonium cation) and the reduced 
form (aminoxy anion) of the nitroxide radical. Some approaches for stabilization of the redox 
couples are proposed as follows: 
 
(1) Diphenyl nitroxide  
The oxoammonium cation form of N-t-butyl-nitroxylbenzene derivatives, are considered 
to have a side pathway for decomposition via the elimination of t-butyl group in a long 
time-scale.3 Substituting the t-butyl group with phenyl group stabilizes the corresponding 
oxoammonium cation, leading to the reversibility in a long time scale. The electrolytic in-situ 
ESR and UV/vis spectroscopy have revealed the reversible p- and n-type redox of 
4,4’-disubstituted diphenyl nitroxide model compounds. The corresponding polymeric 
analogs are proposed.4 
 
 
 
 
 
 
 
Figure 7.2.1  Proposed decomposition mechanism of the oxoammonium cation and the 
proposed chemical structures for diphenyl nitroxide polymers. 
 
(2) Nitronyl nitroxide 
Nitronyl nitroxide derivatives are well-known stable radical species, and expected to 
exhibit both p- and n-type redox activity within an identical molecule. Thus, the polymer 
bearing a nitronyl nitroxide will be applicable as both cathode and anode-active materials in a 
totally organic battery.5 
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Figure 7.2.2  A totally organic battery composed of poly(nitronyl nitroxylstyrene)s. 
 
 
7.2.3  The morphology control 
As shown in chapter 2, the flexible backbone such as polyether could contribute the 
compatibility with the electrolyte and the current collector. The author is now synthesizing a 
polyether derivative with a compact unit structure.6-8 The glass transition temperature (Tg) 
provides useful information on the flexibility of the polymer backbone; however, it is just a 
physical property in a dry state, not in the swollen state. The electrochemical analyses of a 
series of radical polymers with variable polymer backbones (mechacrylate, acrylate, ether, 
isocyanate, and norbornene) and crosslinking densities, will be required to understand the 
rapid electron transfer in polymer matrix completely.  
 
 
 
 
 
 
Figure 7.2.3  Polyether derivative bearing Proxyl radical. 
 
In this PhD study, the molecular designing approach has been limited for the primary 
structure (polymer backbones and redox-active side groups), and the molecular designing of 
the secondary structure has remained unexplored. The morphology control such as orientation, 
micro-phase separation, and other interactions among polymers will also improve the cell 
performance. In the collaborative work with T. E. Long group at Virginia Tech, the author is 
now challenging the synthesis of triblock copolymers9 bearing radical moieties via living 
radical polymerization and the control of micro-phase separation, leading to the construction 
of the radical-based, redox-active channels. 
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Figure 7.2.4  The triblock copolymers bearing nitroxide moieties obtained by living radical 
polymerization. 
 
7.2.4  Radical polymer/current collector composite materials 
The authors have investigated the carbon composite for three approaches: just mixing 
with a graphite fiber, chemical functionalization of fullerenes10-12 or carbon nanotubes,13,14 
and photocrosslinking after molding.  
 
 
 
 
 
 
 
 
 
Figure 7.2.5  Fullerene and carbon nanotubes functionalized with TEMPO. 
 
However, the composite materials with conducting polymers have still unexamined. 
Aforementioned in chapter 1.4, the combination of the redox-active species and conducting 
polymers will enhance the redox-activity ascribed to the electrocatalytic effect, good electrical 
contact and improved compatibility. To maintain the quantitative doping of the radical 
polymers, localization of the radical density is required. Thus, the interpenetrating polymers 
or the conducting polymers bearing radical moieties with a saturated spacer will be chosen. 
And also, galvinoxylate anion may be stabilized by the p-doped conducting polymers. The 
combination of the electropolymerization and chemically-modified electrodes will be a next 
challenge. 
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Figure 7.2.6  Hybridization of radical polymers and conducting polymers. 
 
7.2.5  Cell fabrication 
(1) Photocrosslinking 
As mentioned in chapter 3, photocrosslinking is a facile and versatile method for 
providing the processing compatibility, leading to the solution-based battery fabrication. The 
author has obtained the preliminary results on other photocrosslinking reactions. 
Photocrosslinking of oxetane side group by using photo-acid generator caused side reactions 
on the nitroxide moiety. On the other hand, [2+2] cycloaddition of the coumarin side 
groups15,16 proceeded without side reactions to form the crosslinked radical film. From these 
results, more simple photocrosslinked radical polymer is also proposed. 
 
   (a) 
 
 
 
 
   (b) 
 
 
 
 
 
   (c) 
 
 
 
 
 
Figure 7.2.7  Photocrosslinking reaction of radical polymers bearing (a) oxetane and (b) 
coumarin group. (c) Proposed simple radical polymer bearing the coumarin group. 
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(2) Stabilization effects of the counterions on the redox couples 
A proton addition to the aminoxy anion is considered as one of the factor of 
irreversibility of the n-type redox reaction. The author selected the base condition to stabilize 
the aminoxy anion and eliminate this side reaction, as shown in chapter 6. Counterions with 
multi-valence (or polycation and polyanion) serve the electrostatic crosslinker (or complex) 
for radical polymers in a charged state, which stabilize the redox couple and improve the cell 
performance (cyclability and elimination of the self-discharge). 
 
 
7.2.6  Domain of Organic Radical Battery 
Organic radical battery described in this thesis locates in a Lagone plot in Figure 7.2.8. 
Preliminary results of the test cells composed of radical polymers showed a high 
energy-density and power-density compared to the conventional batteries, however it is 
important to note these data were calculated from the weight of active material in the 
composite electrode, and the radical content in the composite electrode is quite low (10 wt%). 
For practical applications, the enhancement of the loaded amount of the radical polymer in the 
composite electrode was inevitable. In some radical polymers such as poly(vinylether) and 
polyether, the loaded amount in the composites improved to be 50−70 wt% by the 
optimization of the cell fabrication. On the other hand, an approach to a thin film battery 
configuration can escape from such issues, and provide a new field such as paper-like battery 
and battery on chip in the ubiquitous devices, where organic-based materials are 
advantageous to inorganic materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2.8  Lagone plot of an organic radical battery. The energy density and the power 
density were calculated from the weight of active material. The radical polymer content in the 
composite electrode was 10 wt%. 
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